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Abstract  
 
 
Polyethylene (PE), particularly linear medium density PE (LMDPE), is the most widely used 
thermoplastic in the rotational moulding (RM or rotomoulding) industry, possessing a balance 
between melt flow characteristics and mechanical properties best suited to the RM process 
relative to alternative thermoplastics. Reliance of the RM industry on LMDPE limits the application 
envelope for manufacturers due to the inherently low modulus of the material; manufacturers 
overcome this low modulus by increasing the wall thicknesses of their products which is costly 
and energy intensive. The addition of filler particles to PE as a method of modulus enhancement 
was considered a feasible alternative to increasing the wall thickness. The resulting composite 
material could down gauge part thickness and potentially expand the application envelope of RM. 
Phase 1 of this study observed the behaviour of RM grade PE’s with the introduction of filler 
particles in order to double the modulus (namely garnet, sand, cenospheres or fly-ash and the 
latter two combined). The PE/filler composites were mixed by dry blending or melt compounding, 
moulded and mechanically tested in tensile, flexural and Charpy impact mode. The aim of 
doubling the tensile modulus of rotomoulding grade PE was achieved by the melt compounded, 
rotomoulded PE/fly-ash composites. The introduction of maleic anhydride grafted linear low 
density polyethylene (MA-g-LLDPE) coupling agent also increased the modulus and tensile yield 
stress of LMDPE with the addition of fly-ash. However, the beneficial melt flow rate and impact 
toughness of PE decreased significantly with the addition of fly-ash. The latter was especially true 
for rotomoulded samples.  
 
As the RM industry typically uses finite element analysis (FEA) to numerically approximate the 
stress or deflection of load-bearing parts, phase 2 of this study focused upon developing 
numerical material properties for FEA of the new PE/fly-ash composites. Physical measurements 
from compression tests on rotomoulded PE/fly-ash safety steps were close to FEA approximations 
(confirming the practical value of the numerical materials data), except in the case of the unfilled 
and highest filled PE samples. The significant differences observed between physical 
measurements and FEA were probably due to complex factors such as the non-linear behaviour of 
PE and the variation in wall thickness of rotomoulded parts, highlighting the importance of 
properly understanding the finite element method (FEM) for RM.  
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Nomenclature 
 
 
Abbreviation Description Units  (where applicable) 
PE Polyethylene - 
LMDPE Linear medium density polyethylene - 
HDPE High density polyethylene - 
XLPE Cross-linked polyethylene - 
PP Polypropylene - 
PA Polyamide - 
PC Polycarbonate - 
MA-g-LLDPE 
Maleic anhydride grafted linear low density 
polyethylene 
- 
TSE Twin screw extruder/twin screw extrusion - 
SEM 
Scanning electron microscopy/ Scanning 
electron microscope 
- 
RM Rotational moulding - 
EDX Energy dispersive x-ray - 
DSC Differential scanning calorimetry - 
MFR Melt flow rate dg min-1 
MPF Maximum packing fraction Value between 0-1 
PSD Particle size distribution - 
FE Finite element  
FEA Finite element analysis - 
FEM Finite element method - 
CAD Computer aided design - 
CAE Computer aided engineering  
CNC Computer numerical control - 
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1. Introduction and Problem Statement 
 
 
Rotational Moulding (RM) or rotomoulding is an effective method for the production of large 
hollow components such as liquid storage tanks, kayaks and boats [1]. For the current repertoire of 
applications, polyethylene (PE) is by far the most popular polymer used for RM. PE has the 
mechanical properties, long-term melt stability and melt flow characteristics best suited to the 
RM process, relative to alternative thermoplastics [2]. Furthermore, despite its low glass transition 
temperature (Tg) PE can be easily converted into the powdered feedstock required for RM as it 
can be produced by grinding at ambient temperature, without recourse to cryogenic grinding. 
Arguably the most attractive factor favouring use of PE is its relatively low cost; PE is definitively 
the cheapest polymer in the context of RM. However, the modulus of PE is inherently low. 
Therefore, the wall thicknesses of rotomoulded products are increased to compensate for this low 
modulus. Increasing the wall thickness is a common tactic for larger load-bearing articles such as 
liquid storage tanks and silos, where manufacturers often over-thicken the walls to be confident 
in part strength. Although practically justified, increasing the wall thickness of RM products uses 
more material, slows production cycles and increases costs.  
 
The latter limitations exemplified the requirement for “rotomouldable” materials with a higher 
modulus. It was recognised that filler particles could provide the required modulus enhancement 
to PE at relatively low expense in terms of toughness, processability and cost. Introducing 
particulate fillers to reinforce polymers is a common technique amongst more popular plastics 
manufacturing platforms such as injection or blow moulding. On the other hand, it is appreciated 
that the number of studies regarding fillers for rotomoulding applications is relatively small [3-13]; 
rotomoulding is a relatively low pressure process which complicates the feasibility of using 
particulate-filled polymers due to the reduction of melt flow properties (particularly at filler levels 
where the reinforcement is most effective). Consequently, little research and development in 
particulate-filled PE composite materials for RM has left a particularly large gap in knowledge. 
Thus far, Arnaud [14], Hanna et al. [15] Kanokoriboon et al. [16] and Chang et al. [17] have conducted 
the most noteworthy work on RM composites. However, this work was confined to using just one 
filler material where large decreases in impact properties and melt flow rate (MFR) were 
observed with relatively small increases in modulus and yield stress. Despite the latter, the option 
of modifying the impact properties and melt flow rate (MFR) remained unexplored by Arnaud et 
al [14-17]. Furthermore, studies by Ward et al. [18], Butora et al. [19], Lopez-Banuelos et al. [20], Yan et 
al. [21] and Mhike [22] gave little consideration to important factors such as: 
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 Using multiple fillers particles of various size and shape. 
 Varying the level of coupling agent. 
 Assessing different PE/filler blending techniques.  
 Blending various grades of PE for filler addition.  
 
Furthermore, the RM industry typically uses finite element analysis (FEA) to approximate the 
structural behaviour of load-bearing parts due to their geometry, material properties and load 
scenario. The current body of research in FEA for rotomoulded parts is particularly small with only 
one available reference from the Society of Plastics Engineers Annual Technical Conference 
proceedings [23]. Therefore, a strong academic and industrial requirement exists to investigate FEA 
for rotomoulded parts; the latter is especially true for load-bearing rotomoulded parts that are to 
be produced using the proposed new particulate-filled PE composite. The combination of polymer 
composite development and FEA is a novel venture in the field of rotomoulding.  
 
1.1 Aims and Objectives of the Study 
In order to address the knowledge gaps regarding the development of PE/filler composites for RM 
and the FEA of rotomoulded parts, the aims and objectives of this PhD study are to: 
 
1. Evaluate a selection of particulate fillers as reinforcement to RM grade PE in order to 
double its tensile modulus – using Rotomotive’s powder blender and the compression 
moulders at both Rotomotive Ltd. and MMU. MMU’s tensometer facility will be used for 
mechanical testing.  
 
2. Optimise the chosen composite system for performance and processability – using the 
twin screw extrusion compounder and melt flow indexer (MFI) at MMU and the RM 
machine at Excelsior Ltd. PE-filler interfacial modification will be controlled using chemical 
coupling agents. The effect of the filler and coupling agent on the PE matrix will be 
assessed using the SEM, DSC and EDX facilities at MMU.  
 
3. Validate the numerical material property data of the new particulate-filled PE 
composite materials using FEA – using SOLIDWORKS Simulation 2013 to compare FEA 
with physical test results. Rotomoulded safety steps will be used as test subjects for the 
proposed PE/filler composite materials and a computer aided design (CAD) file of the 
safety steps 3D geometry will be used for FEA. 
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The primary goal of this study is to develop a particulate-filled PE composite material with at least 
twice the modulus of PE. Therefore, the ultimate focus for phase 1 of this study is to investigate a 
range of filler materials for addition to PE. Four fillers (sand, garnet, fly-ash, cenospheres and the 
latter two combined) will be investigated in a matrix that comprises of maleanised 25 % wt. LLDPE 
with 75 % wt. LMDPE (the former acts as a filler-matrix coupling agent). The filler content will be 
varied using dry blending or melt compounding methods. The MA-g-LLDPE content will also be 
varied using TSE melt blending. The possible benefits and limitations that the initial candidate 
fillers, PE and coupling agent have to offer with regards to mechanical properties, rheological 
effects and morphology will be explored during this phase. However, the earliest stages of phase 
1 will be dedicated to the development of material test protocols.  
 
The secondary goal of this study is to investigate the critical factors affecting the use of FEA for 
rotomoulded parts made using the new particulate-filled PE composite materials. Therefore, 
phase 2 of this study will focus upon developing a numerical database of material properties for 
the new particulate-filled PE materials. Critical research questions that will be asked include, what 
is FEA? How does it work? Moreover, are the mechanical properties of non-linear materials truly 
representative? Rotomoulded safety steps made using PE/fly-ash composite PE materials will be 
compression tested for sidewall deflection determination and compared with static linear-elastic 
and non-linear FEA simulations (applying a force or displacement). Tensile tests will be conducted 
to determine the mechanical properties required for FEA. 
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2. Thesis Overview 
 
 
This study investigates the development of particulate-filled PE (PE/filler) composites to overcome 
the low modulus of PE (the most common material used in the RM industry). The development of 
numerical material property data to approximate the mechanical response of the PE/filler 
composite materials using FEA software will also be explored. The latter software is commonly 
applied to load-bearing RM parts to validate their mechanical performance before production.  
 
Section 3 forms the literature review and is split into two sub-sections; PE/filler composite 
material development and FEA. The first section introduces RM and the fundamentals of its 
process. Furthermore, the rationale behind using PE for the vast majority of rotomoulded 
products is also introduced; the relative popularity, manufacturing methods and property-
structure relationship of PE, in both the context of RM and the wider perspective, is discussed. 
However, the low modulus of PE is a serious limitation to RM. Therefore, the use of particulate-
fillers to enhance the modulus of PE is discussed; fundamental polymer composite design theory 
such as the effect of fillers on the matrix, the contribution of matrix-filler interaction and the 
influence of filler particle surface treatments are explained. The second sub-section of the 
literature review explores the history, mathematical theory and model development techniques 
of the finite element method (FEM) for stress analysis, in order to provide a good understanding 
of FEA software.  
 
Section 4 details the experimental methods used for both the development of PE/filler composite 
materials and FEA of rotomoulded PE/fly-ash safety steps. The novel image analysis technique 
used for the determination of pinhole count and size distribution on the surfaces of rotomoulded 
PE/fly-ash rectangular box test mouldings is also detailed within this section. 
 
Section 5 presents and discusses the results obtained. The main findings of each investigation are 
briefly summarised in the following paragraphs: 
 
Twin screw extrusion (TSE) melt blended composites based on a mix of LMDPE, LLDPE grafted 
with maleic anhydride coupling agent (MA-g-LLDPE or “maleanised” PE) and the finer filler 
particles (i.e. fly-ash) produced compression mouldings with the best mechanical properties. 
However, the improvements in tensile properties were accompanied by reduced impact 
toughness at higher fly-ash loadings where the modulus enhancement was more prominent. 
Equivalent composites based on a non-maleanised (analogue) LLDPE blended with LMDPE and fly-
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ash had inferior mechanical properties. The highly-filled (70 % wt.) fly-ash LMDPE composites 
displayed improvements in modulus with every increase MA-g-LLDPE investigated. The same was 
true for equivalent HDPE composites however at lower MA-g-LLDPE loadings. Therefore, better 
compatibility was observed between fly-ash particles and the LMDPE/MA-g-LLDPE blends. The 
latter observations verify the claimed coupling activity of the MA-g-LLDPE with the finer fly-ash 
particles. However, the addition of fly-ash severely decreased the melt flow rate (MFR) of the 
resulting composites. Maximum packing fraction (MPF) tests confirmed that combinations of fly-
ash and cenospheres could boost filler volume fraction in PE. Conversely, the mechanical 
response of the resulting composites was poor. During these trials it was concluded that the fly-
ash particles offered the best modulus enhancement. Rotomoulded maleanised PE/fly-ash 
composites offered moduli comparable to that of higher density rotomoulding PE grades; 
however this was observed at higher fly-ash loadings relative to compression moulded 
equivalents. Furthermore, the part surface quality of rotomoulded PE decreased with the addition 
of fly-ash. On the other hand, the variation in wall thickness of the rotomoulded PE safety steps 
decreased considerably with the addition of fly-ash. 
 
The numerical material parameters required for FEA of the PE/fly-ash composite materials were 
the tensile modulus, stress at yield, Poisson’s ratio and full tensile stress-strain curves (for non-
linear analyses). Measured values of sidewall deflection for the rotomoulded PE/fly-ah safety 
steps coincided reasonably well with most FEA approximations, confirming the practical value of 
the material data from physical testing. Static linear-elastic FE models had considerably shorter 
solution times in comparison to more complex non-linear FE models and yet were relatively 
accurate. However, in some instances the significant differences between FEA and the actual 
safety steps were probably due to the effect of various complex factors such as the non-linear 
behaviour of PE and the variation in wall thickness of rotomoulded parts, exemplifying the 
importance of properly understanding the FEM for rotomoulded parts.  
Section 6 summarises the results of this study into a series of conclusions which are briefly 
discussed in the previous paragraphs.  
 
Section 7 identifies future work for this study; investigations exploring the creep response, zero-
shear MFR and processability of the PE/fly-ash composite materials are suggested.  
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3. Literature Review 
 
 
3.1 The Rotational Moulding Process 
RM involves the slow movement of powdered thermoplastic material within a heated metal 
mould that is bi-axially rotated in an oven. The polymer powder first in contact with the mould 
wall melts and sticks to the wall, sintering in to a continuous layer of polymer melt. Any residual 
polymer powder in the mould then sticks to the initial sintered layer, increasing it in thickness 
until all the powder has been consumed, leaving a coat of melt polymer around the interior wall 
of the mould. The moulding is then then cooled down whilst slow rotation of the mould 
continues. Once cooled completely, the mould is opened and the moulding removed.  
 
 
 
 
Figure 1. RM process principles [24] 
 
The rotomoulding production process consists of four main stages which are represented in 
(Figure 1): 
 
1. Charging - a predetermined mass (shot charge) of polymer (usually in powder form) is carefully 
poured into a metal mould of the desired part. The average wall thickness of the finished 
moulding is related to the mass of the charge.  Currently, engineers use computer aided design 
(CAD) software packages to calculate the desired part wall thickness. 
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2. Heating and Rotation - after charging the mould with the desired shot weight, the mould is 
sealed and bi-axial rotation is initiated. The mould is then heated in an oven and the 
consequent spreading of the powder ensures an even dispersion of the sintering powder 
around the internals of the mould.  After some time the polymer powder would have fully 
melted and formed a homogenous layer effectively stuck to the internal mould surfaces. 
 
3. Cooling - once all the polymer powder has amalgamated, the mould is cooled (whilst still 
rotating) in an area containing air or water jets (or a combination of both). The reduction in 
temperature from cooling solidifies the melt polymer; this cooling stage is kept as gradual as 
possible as failure to do so can result in significant shrinkage or warpage of the moulding. 
 
4. De-moulding - When the moulding has cooled sufficiently, rotation stops and the moulding is 
carefully removed from the mould. Consequently, the mould is then ready for the next shot 
charge and repeat of the process.  
 
It is clear that rotomoulding is a unique polymer processing method in which there is no pressure-
induced flow of the polymer melt. The polymer powder melts when in contact with the surface of 
the hot mould and sticks to it, forming a layer of polymer melt which then thickens as more 
powder is melt-deposited on top of the initial layer. The particles of polymer powder in the melt 
state have some elastic properties and are highly viscous in relation to a low molar mass liquid 
such as water. Inter-diffusion of polymer between particles (resulting in sintering) is therefore 
time dependent as the process is taking place under effectively zero-shear rate conditions. The 
ability of the polymer chains to inter-diffuse under zero shear places unique demands on the 
polymer. This factor together with the necessarily long cycle times (sometimes as long as 8 hours 
for exceptionally large products such as liquid storage silos), which demand unusually high levels 
of melt stability, places a limit on the range of materials suitable for rotomoulding. 
 
The principles of RM have been implemented as far back as the Egyptian era, where it was used 
for casting hollow ceramic objects [25]. However, the RM process was first applied to plastic 
products during the 1950’s, mainly using polyvinylchloride (PVC) plastisols [26]. Having progressed 
from a relatively simple method, RM is now a precisely controlled technique highly regarded by 
designers of hollow load bearing structures [27]. Research and development in RM during the latter 
half of the 20th century up to the present has led to notable improvements in component design  
[28], process control [29], moulding techniques [30, 31] and materials. Linear medium density 
polyethylene (LMDPE) is arguably the most popular thermoplastic for RM, with its use in most 
applications. However, an industrial requirement for stiffer rotomoulded components led to the 
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development of HDPE and cross-linked polyethylene (XLPE) for RM applications. Specialist 
applications in which the properties of PE do not suffice have led to the development of nylons 
(PA), polycarbonates (PC) polypropylenes (PP) and even polylactides (PLA) for RM [32]. However, 
the use of such thermoplastics is far from straightforward and requires tedious trial and error to 
produce good quality mouldings with the desired profile of properties. The added expense and 
processing difficulty of alternative polymers to PE for RM has led to limited developments of such 
materials. To summarise, the benefits and limitations of rotomoulding are: 
 
Advantages of rotomoulding 
 Good surface details and finishes. 
 Inexpensive prototype moulds. 
 Multi-layer laminate structures can be achieved. 
 Production moulds are considerably less expensive relative to blow moulding or injection 
moulding. 
 Capable of moulding complex geometries. 
 Different sections of one product can be moulded within one tool.  
 Plastic or metal inserts can be integrated. 
 
Disadvantages of rotomoulding 
 Material costs can be more expensive if pellets need to be ground into powder before 
moulding. 
 Production times are longer in comparison to high pressure processes such as injection or 
blow moulding. 
 Complicated or large parts can make the process labour intensive. 
 Polymers with high molar mass are unsuitable for rotomoulding. 
 Strengthening structures such as ribs are not easy to achieve. 
 Sudden changes in geometry are not easily achievable. 
 Consistency in terms of wall thickness is rarely achievable; mouldings are thicker in 
corners. 
 
3.2 Polymers Used for Rotational Moulding 
 
3.2.1 Polyethylene 
PE is arguably the most popular thermoplastic in the world, with applications in shopping bags, 
bottles, children’s toys and even bullet proof vests [33, 34, 35]. PE represents the world’s number one 
high volume thermoplastic in the modern age [36] mainly due to its low cost and versatility. For 
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example, in 2008 the annual global production of PE was approximately 80 million tonnes [37]. In 
essence, PE has a simple structure composed of long monomer chains [38]. The monomer is 
ethylene, a gaseous hydrocarbon with the formula C2H4 which can be viewed in Figure 2 as a pair 
of methylene groups (CH2) connected by a double bond [39]. The International Union of Pure and 
Applied Chemistry (IUPAC) name for ethylene is ethene [40]. However, the name ethylene is still 
used in industrial circles. Ethylene is the simplest member of the alkene family [41]. PE production 
accounts for about half of the world’s demand for ethylene [42]. Ethylene is usually derived by 
steam cracking ethane or naphtha gas (and other petroleum based feedstock) or by catalytically 
cracking crude oil directly [43]. Essentially, under the correct temperature, pressure and catalysis, 
the double bond of the ethylene monomers open, permitting them to link together and form long 
macromolecular chains of poly(ethylene); this process is called polymerisation [44]. 
Polymerisation is defined as a method of linking monomers together via a chemical reaction to 
form polymer chains [45, 46, 47].  
 
Figure 2.  The ethylene (ethene) molecule [48] 
 
3.2.1.1 Polymerisation of ethylene 
Despite the simple structure of ethylene, the field of ethylene polymerisation is complex; there 
are various methods that categorise the polymerisation of ethylene, offering the opportunity to 
tailor a versatile range of PE grades [49]. The carbon-carbon double bond of ethylene consists of 
one sigma bond and one pi bond [50]. The polymerisation of ethylene is achieved via breakage of 
the pi bond using high or low-pressure processes. The high pressure process is usually 
acknowledged for producing conventional LDPE grades via free radical polymerisation [51] while 
the low pressure process typically produces HDPE and LLDPE via coordination polymerisation [52]. 
Both free radical and coordination polymerisation are chain-growth methods of polymerisation 
[53]; they are forms of addition polymerisation [54] where monomers are added to a growing 
macromolecular chain.  
 
Free radical polymerisation involves the formation of chains via the addition of monomers to a 
free radical building block [55]. Free radicals are highly reactive atoms or molecules due to their 
unpaired electrons [56]. Free radical initiation works very well on the carbon-carbon double bond 
of vinyl monomers (such as ethylene) and the carbon-oxygen double bond 
in aldehydes and ketones [57]. Free radicals can be formed via several mechanisms typically 
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involving separate molecules to initiate the free radicals, these are called initiator molecules [58]. 
The latter molecules are a common initiation mechanism. However, there are several mechanisms 
through which free radical polymerisation can be initiated. Depending on the initiation 
mechanism, the active centre (centre of chain growth) will take a different form [59]. Free radical 
polymerisation may be divided into three stages: chain initiation, chain propagation, and chain 
termination [60]. Chain initiation is in two stages; during stage 1, one or two free radicals are 
created using initiator molecules. During stage 2, the free radicals are transferred from the 
initiator molecules to the monomers. For example, during the free radical 
polymerisation of ethylene, the introduction of a free radical breaks the pi bond of ethylene and 
two unpaired electrons rearrange to create a new active centre (similar to the initial free radical) 
[61]. Following its generation, the initiating free radical adds non-radical ethylene monomers to 
form chains (chain propagation). The free radical polymerisation of ethylene is possible only at 
high temperatures and pressures (approximately 80-300 °C and 1500-3000 bar) [62]. However, the 
polymerisation of vinyl chloride (for example) using the free radical method to produce 
polyvinylchloride (PVC) does not require such extreme temperatures and pressures to succeed [63].  
 
PE was first produced using a high-pressure free-radical polymerisation process by R. Gibson and 
E. Fawcett at Imperial Chemical Industries (ICI) in 1933 [64]; it was discovered that ethylene (in its 
natural gaseous form) could be converted into a white solid at high pressures and temperatures in 
the presence of small levels of oxygen. The resulting polymerisation was a random uncontrolled 
process producing a wide range of ethylene molecule sizes. However, it was possible to influence 
the average molecule size (molecular weight) and the distribution of molecule size (molecular 
weight distribution) around this average via control of the reaction conditions [65]. The PE chains 
were highly branched (Section 3.2.1.2) at intervals of typically 20-50 carbon atoms using this high 
pressure free radical polymerisation method. ICI named this new polymer “Polythene” and were 
able to produce it at densities between approximately 0.91 - 0.93 g cm-3. It is known today as 
LDPE and has its single biggest usage in blown film [66].  
 
Coordination polymerisation involves the addition of monomers to a growing macromolecular 
chain (Figure 3) through an organometallic active centre (usually metal chlorides or metal oxides); 
the latter serves as a catalyst and is the central point of chain growth propagation [67, 68]. Catalysts 
for the coordination polymerisation of ethylene were first developed in the early 1950’s; in 1951 
[69] the Philips Petroleum Company developed catalysts prepared by depositing chromium 
trioxide on silica [70] (Philips catalysts). Furthermore, in 1953 K. Ziegler and G. Natta [71] developed 
catalysts based on titanium tetrachloride and an aluminium co-catalyst such as 
methylaluminoxane [65] (Ziegler-Natta catalysts). The Philips and Ziegler-Natta (ZN) catalysts 
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permitted the polymerisation of ethylene (via coordination polymerisation) at much lower 
pressures than the free radical polymerisation process developed by ICI; the PE produced had a 
higher modulus than any previously developed PE grade, with a density range of about 0.940 - 
0.970 g cm-3. The increased modulus and density were due to a significantly lower level of chain 
branching; the microstructure consisted of straight (linear) ethylene chains with a narrow 
molecular weight distribution and a high average chain length. The latter was classed as HDPE. 
Metallocene catalysts first developed by Sinn and Kaminksky in 1980 [72] gave even better control 
over the microstructure of PE than Philips or ZN catalysts [73]. Generally speaking, the 
polymerisation method forms the distinction between LDPE, MDPE or HDPE. 
 
 
 
Figure 3. Polymerisation of ethylene to produce PE [74]. 
 
3.2.1.2 Development of chain branches in polyethylene 
PE is semi-crystalline polymer; it has ordered monomer chains forming its crystalline regions and 
unordered chains forming its amorphous (non-crystalline) regions. The amorphous regions of PE 
are responsible for toughness and ductility [75] and the crystalline regions are responsible for 
rigidity [76].  PE is graded in terms of its density, which increases with crystallinity content [77]. In a 
PE crystal lattice, the chains in a planar zig-zag conformation [78] (Figure 5) are packed together in 
orthorhombic arrays [79]; these chains fold into lamellar structures forming ribbons that originate 
from a central nucleation site [80], resembling spherical structures called spherulites [81]. The 
maximum thickness of the lamellae is controlled by thermodynamic factors [82], giving a maximum 
melting temperature of 135 oC for linear PE [83]. Depending upon the polymerisation method used 
to produce PE, the carbon atoms may have alkyl side chains attached to them; this is called chain 
branching [84]. Examples of chain branching in PE are shown in Figure 4. The crystalline content 
and therefore modulus of PE decreases with the level of chain branching; chain branching 
prevents uniform packing of the chains as they cannot be permitted into the crystal lattice. 
Furthermore, chain branching causes PE chains to leave one lamellar and enter another if 
sufficiently few chain branches are present, giving interlammelar tying [85]. A critical level of chain 
branching also reduces the maximum lamellar thickness of PE and thus the melting point. This 
increases the amorphous (non-crystalline) content of PE and thus improves toughness.  
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Figure 4. Examples of chain branches in LDPE, LLDPE and HDPE. 
 
 
Figure 5. Zig-zag conformation of a PE chain.  
 
Long and short chain branched PE grades (such as LDPE) are often made by free radical 
polymerisation. Conversely, it is difficult to control the level of chain branching using the free-
radical polymerisation method relative to coordination polymerisation [86]; as chain-growth 
termination is randomly determined during free radical polymerisation (termination occurs when 
two chains collide, known as chain recombination), it is difficult to control the length and 
branching of individual chains [87]. Furthermore, as growing PE chains are flexible, a radical at the 
end of a chain may bend and abstract a hydrogen atom from a hydrocarbon group along the 
middle of the chain, thus forming a new radical site for chain growth; this is called intramolecular 
back-biting chain transfer and produces short chain branches. A free radical may also abstract a 
hydrogen atom from a surrounding PE chain and form a new radical site for chain growth 
propagation [88]; this is called intermolecular chain transfer and produces long chain branches. 
Low density PE (LDPE) can have both long and short chain branches; however, it is generally short 
chain branches for most commercial LDPE grades. On the other hand, long chain branches in LDPE 
increase the melt strength by chain entanglement [89]. Generally speaking, the density of most 
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short chain branched PE grades varies between 0.91-0.939 g cm-3 [90]; this range in density defines 
low to medium density PE (MDPE). When there is little (or no) chain branching present in PE, it is 
graded as linear PE or HDPE. Linear PE is much stiffer than branched PE as linear chains can pack 
together into a crystal lattice more effectively, resulting in higher crystallinity and density [91]. 
However, branched PE is tougher and easier to produce [92]. Linear PE is made using the 
coordination polymerisation method. Coordination polymerisation has a significant impact on the 
structural properties of vinyl polymers such as PE relative to equivalent polymers produced by 
free radical polymerisation; the polymers tend to be linear (have little or no chain branching) and 
have a considerably higher molar mass (indicating the chain lengths are longer) [93]. Polymers 
produced by coordination polymerisation are also stereoregular, indicating the spatial 
configuration of the monomers is consistent (such as PE, Figure 3). Ordered monomer 
configurations introduce crystallinity in otherwise amorphous polymers [52]. However, high 
crystalline content is not always desirable; some controlled branching during coordination 
polymerisation is required for better control over density to produce linear MDPE (LMDPE), LLDPE 
and even very low density PE (VLDPE). For example, copolymerising ethylene monomers with an 
alkyl-branched comonomer (via coordination polymerisation) produces LLDPE which has short 
branches. The latter exemplifies that coordination polymerisation may also be used if short chain 
branching is required.  
 
3.3 Particulate-Filled Polymers Used for Rotational Moulding 
 
In 2012, the UK consumed approximately 15 % of the total European resin demand for RM [94], 
making it the one of the largest producers of rotationally moulded products in Europe. One 
obstacle to the growth of the rotational moulding industry lies in its dependence on PE to meet 
the performance demands of end users. PE is relatively thermally stable and so is well suited to 
rotomoulding but its stiffness is relatively low. Therefore, it would be desirable to modify PE in 
such a way that its properties are enhanced [14]. One feasible solution to this is a composite 
material composed pre-dominantly of PE. A successful composite material can be defined as a 
combination of two or materials that results in better properties than those of the individual 
components used alone [95]. Due to the economic and practical advantages of bulk thermoplastics 
such as PE, the addition of particulate materials (or filler particles) has proved to be an effective 
method of stiffness enhancement. The plastics industry is one of the most cost competitive 
markets for materials engineering, particularly for mineral suppliers who rely heavily on their 
products to enhance existing polymers [96]. Filler materials give practically infinite possibilities for 
thermoplastics; consider the numerous combinations of thermoplastics with an equally large 
selection of fillers such as talc particles or carbon fibres [97, 98]. The attributes of particulate-filled 
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polymer composite materials could be low cost, decreased density (if hollow particles are used), 
increased strength or improved thermal conductivity [99]. It is known that the addition of mineral 
fillers to PE (and all thermoplastics with a glass transition temperature (Tg) below room 
temperature) results in a higher modulus [100]. 
 
Whilst one of the primary roles of filled polymers is to reduce costs, this role is normally 
superseded by the reinforcing effects or reduction in mould shrinkage. Furthermore, the 
introduction of fillers influences end product properties such as density and processability. Ideally, 
particulate-filled PE composite materials for RM should as much as possible maintain the 
toughness, processing window and relative economy of PE. Many studies have confirmed the 
introduction of particulate fillers to PE can enhance mechanical properties and dimensional 
tolerances [101, 102]. However, increasing the stiffness of PE via the addition of filler particles may 
reduce toughness. Furthermore, the addition of filler particles increases the melt viscosity of PE, 
hindering its flow during processing [103]. Therefore, it is recognised that the deterioration of 
properties in particulate-filled PE composites may also depend on the level of filler addition. Such 
composite materials for RM demand a good assessment of the inevitable compromise between 
stiffness, toughness and melt flow properties with the addition of filler particles.  
The effectiveness of particulate-filled polymer composites relative to unfilled polymers is 
generally due to the base polymer properties, filler particle properties, level of filler particle 
addition, strength of filler-matrix interaction and manufacturing methods [21]. To gain a true 
appreciation of the influence each variable has on filled PE composites, it is necessary to 
understand the theory of particulate-filled polymer composites and the effects of filler 
reinforcement on the properties of polymers. 
 
3.3.1 Particulate-filled polymer composite theory 
In scientific literature, a vast number of theoretical models are available to approximate the effect 
of particulate fillers on the modulus and yield stress of thermoplastics [104]. Generally, the most 
noticeable difference to thermoplastics with the addition of filler particles is the increase in 
modulus (if the filler particles are of higher modulus than the matrix) [105]; this is due to the 
constraints imposed on the movement of the matrix by the filler particles (i.e. the matrix 
ligaments are sandwiched between the filler particles). The latter is generally due to a variety of 
factors such as filler particle size, shape, distribution, volume fraction (Vf) and interaction with the 
polymer matrix. The interaction of untreated filler particles with the polymer matrix (i.e. no 
coupling or dispersion agents are used, see Section 3.3.5) is mainly due to thermal contraction of 
the polymer around the filler particles when the composite is cooled. The latter generates a 
frictional force between the filler particle and the matrix that also constrains the movement of 
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the matrix. On the other hand, if the filler particles are treated with a chemical coupling agent to 
promote better matrix-filler interaction, the probable increase in filler-matrix interaction will also 
increase the modulus. 
 
3.3.1.1 Modulus of particulate-filled polymer composites 
Several authors have analysed the effects of particulate fillers on the modulus of polymers; 
Kerner’s equations [106] which assumed perfect filler-matrix interaction were further modified by 
Goodier [107] to approximate the moduli of polymers filled with spherical particles. However, 
Goodier’s equations did not take into account the maximum packing fraction (MPF) by volume of 
the filler particles. Therefore, Nielsen [108] further developed Goodier’s equations to account for 
the MPF by volume of the filler particles. The resulting equation was in the form of:   
 
𝐸𝑐
𝐸𝑚
=  
1+𝐴𝐵𝑉𝑓
1+𝐵𝜑𝑉𝑓
                            Equation 1. 
Where: 
A = 𝑘𝐸 − 1                        Equation 1.1 
 
B = 
(
𝐸𝑓
𝐸𝑚
)−1
(
𝐸𝑓
𝐸𝑚
)+𝐴
                                                                      Equation 1.2 
 
𝜑 = 1 +  (
1−𝑃𝑓
𝑃𝑓
2 ) 𝑉𝑓                                                              Equation 1.3 
 
kE = Einstein co-efficient 
Ec = Modulus of the composite  
Ef = Modulus of the filler particle 
Em= Modulus of the matrix 
Vf = Volume fraction of the filler particles 
Pf = Maximum packing volume fraction of the filler particles  
 
The Einstein co-efficient kE is dependent upon filler particle shape and can be determined 
experimentally by rheological techniques [101]. The B parameter is a function of the moduli of the 
filler particle and the polymer matrix; this can be approximated to unity if Ef >> Em. The constant 
Ψ is the modification to Goodier’s equation by Nielsen [108] in order to account for the volume 
fraction of filler in the composite. The latter can be determined by oil absorption tests (see 
Experimental Section 4.3.2). The modified Kerner equations have been used successfully in the 
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past by various authors [109, 110] to produce values of modulus close to what was experimentally 
determined on polymers with filler volume fractions of ≤ 0.5. 
 
3.3.1.2 Yield stress of particulate-filled polymer composites 
Pukansky [111, 112] found that the yield stress of particulate-filled polymers is dependent on factors 
such as the surface area of the filler particles and the strength of filler-matrix interaction. The 
yield stress of particulate-filled thermoplastics can be higher or less than the unfilled matrix 
depending on the factors discovered by Pukansky [111, 112]. However, at filler volume fractions (Vf) 
low enough to allow yielding (i.e. ≤ 0.5, such as the filler levels typically encountered in studies of 
particulate-filled polymer composites [14-22]), the yield stress of the composite (σc) is generally 
assumed to be a failure stress because it is generally more than the yield stress of the filler 
particle (σf). Therefore, a simple expression that relates the composite failure stress to the matrix 
area on the fracture surface (assuming no filler-matrix interaction) is available [113, 114] to calculate 
the yield stress of the composite: 
  
𝜎𝑐 =  𝜎𝑚(1 − 𝑉𝑓)              Equation 2. 
Where: 
σc = Yield stress of the composite material. 
σm = Yield stress of the matrix. 
νf = Volume fraction of filler. 
 
3.3.2 Origins of the filler particles  
Sand, garnet, fly-ash and cenosphere particles were selected for addition to PE to increase the 
modulus. The origins of these fillers are discussed in the following paragraphs. 
 
3.3.2.1 Silica sand 
Sand is composed of finely granulated rock and mineral particles of typically 0.1 - 0.8 mm in size 
[115]. It is a naturally occurring mineral usually found on beaches, riverbeds and deserts [116]. The 
composition of sand is generally a product of geological factors such as the type of local rock 
sources and environmental conditions. However, the most common constituent of sand (as found 
on inland continental environments) is Silica [117] (Si0z, generally in the form of Quartz). Due to its 
chemical inertness and hardness, Silica sand particles are the most resistant to weathering by 
water or wind. However, the common angular/irregular shape of Silica sand particles is due to 
erosion from contact with granite or gneiss quartz crystals [118]. 
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3.3.2.2 Almandine garnet 
Garnets are a group of silicate minerals that share similar property-structure relationships (e.g. 
crystallinity, hardness and density) but differ in terms of chemical composition [119]. The chemical 
composition of Garnets denote whether they belong to the pyrope, almandine, spessartine, 
grossular, uvarovite or andradite species [120]. Almandine garnet can be described as an alumino-
iron mineral with a typical formula of Fe3Al2(SiO4)3  [121] and usually occurs in metamorphic rocks 
such as Mica schist’s [122]. It is dark red/purple in colour, angular/irregular in shape and is 
commonly used as an abrasive. 
 
3.3.2.3 Fly-ash and cenospheres  
Fly-ash and cenosphere particles are a bi-product of coal combustion. The particles are ceramic 
and predominantly composed of Alumina, Silica and Iron [123]. Both cenosphere and fly-ash 
particles are spherical in shape however the cenosphere particles are hollow (filled with air) giving 
them a density lower than water (0.4-0.8 g cm-3) [124]. The elemental composition of fly-ash and 
cenosphere particles depends on the coal used to produce them. However, fly-ash and 
cenospheres generally contain significant amounts of Silicon Dioxide (SiO2), Calcium Oxide (CaO) 
and Aluminum (Al). Fly-ash and cenosphere particles are commonly used as additives to building 
materials (e.g. concrete and bricks) and polymers to enhance their properties [125]. However, fly-
ash particles are typically an order of magnitude smaller than cenosphere particles with a 
considerably higher density (1.7-2.9 g cm-3 [126]) as they are solid particles. 
 
3.3.3 Effects of filler reinforcements on polymer properties  
Polyethylene is a semi-crystalline polymer. Its properties are determined by the relative amount 
of amorphous and crystalline phases, crystal modification size, perfection of crystallites, 
dimensions of spherulites and the number of tie molecules (e.g. interlamellar and interspherulitic 
ties) [127, 128]. However, modifying the crystal structure of PE may affect the remaining properties 
simultaneously, exemplifying why changes solely to the crystalline structure may not correlate 
well with the resulting physical properties. In the context of RM, fillers act as a foreign matter and 
tend to retard the sinterability and coalescence of the polymer melt, causing air bubbles in the 
moulded parts; these air bubbles reduce the impact properties and percent elongation of the 
moulded part [16]. However, fillers can have a significant effect on the crystal structure of polymers 
which should not be neglected [129].  
 
Kendal claims that the mechanical properties in filled polymer composites are mainly affected by 
the strength of interaction between the polymer matrix and filler particles (matrix-filler 
interaction) [130]. The mechanical response of untreated particulate-filled composites are 
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determined partially by the physical attributes of the filler particles  [131]. Data sheets from mineral 
suppliers to the plastics industry typically do not sufficiently characterise filler particles and their 
suitability for addition to polymers. However, such data sheets may disclose information such as 
particle size and distribution, shape, density and chemical composition. Chemical composition is 
important as it denotes the purity of the fillers (impurities such as transition elements lead to 
accelerated degradation of the matrix). Furthermore, the chemical composition of fillers has some 
influence over nucleation effects [132] and the reactivity of the filler particle surfaces with coupling 
agents i.e. Silanes [133]. However, further physical, mainly particle characteristics are required to 
forecast the performance of filler materials [136].  
 
Particle size plays a dominant role in the properties of particulate-filled composites; the strength 
and modulus were seen to increase with the decrease in particle size [137]. Schlumpf  [136] also 
identified that particle size distribution is an important factor when selecting appropriate filler 
particles for PE reinforcement. Large size particles can have a negative effect on failure 
characteristics and composite toughness. Small size particles show a tendency to aggregate 
increasingly with the decrease in size [31]; aggregation is a condition where the particles coalesce in 
a generally irreversible manner, when introduced to a polymer matrix they cannot be broken 
down into primary particles and hence lower the impact toughness of the composite. 
Furthermore, aggregated filler particles can act as crack initiation sites. On the contrary, Vu-Kahn 
and Fisa [137] saw a decrease in impact toughness with the decrease in particle size. Riley et al. [138] 
also observed that impact resistance decreased with decreasing particle size and with high aspect 
ratio particles (ratio of length to width). However, Tritignon et al. [139] observed no change in the 
tensile stress at yield with the decrease in particle size.  
 
The effective surface area of the filler particles (related to their particle size and size distribution 
[140] also has an effect on the stiffness and impact strength of filled polymer composites. Another 
crucial element of filler materials is their shape, in fact many types of filler are characterised by 
their anisotropy [141] (aspect ratio) and it is said that the effectiveness of filler reinforcement is 
closely associated with this property. In some investigations an increase in modulus is seen with 
filler particles of a higher aspect ratio. For example, the plate-like nature of talc particles gives 
better mechanical properties than particles of a spherical nature [16, 130]. However, it is not clear 
how the aspect ratio of filler particles affects the microstructure of resulting composites. 
Considering the wealth of contradictory observations, it is reasonable to suggest, besides filler 
particle size and particle size distribution, the aspect ratio and shape should be taken into 
consideration when introducing particulate fillers as reinforcement for polymers. 
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3.3.4 Filler-matrix interaction (interfacial regions) 
The performance of commodity particulate-filled composites is being pushed ever higher by the 
need to down-gauge part thickness and increase the creativity of industrial designs. This places 
increased demands on the interfacial properties of the composites as high strength is often 
required together with reasonable toughness [142]. The interface is the physical region where 
mechanical properties are altered due to a chemical reaction that promotes the adhesion of the 
filler particle surface to the matrix [143]. The adhesion strength and toughness of the interfacial 
region plays an important role in the performance of particulate-filled polymer composites [144]. 
These interfacial properties are heavily influenced by the type of surface coating applied to the 
fillers for addition to the polymer [145]. This provides a physicochemical link between the filler 
particle surface and the matrix. In polymeric composites, matrix-filler interaction has a profound 
effect on crystalline structure and the amount of crystalline phase (particularly for semi-crystalline 
polymers such as PE). In many cases, increases in flexural and tensile properties are seen with the 
appearance of an interfacial region between the filler particles and polymer matrix. It is certain 
that the strength of the interfacial region is a prominent factor in the overall properties of the 
composites in question [146]. With this in mind, it can be said that strength of the interfacial region 
would depend on the specific surface area it is applied to and the strength of adhesion. The size of 
the interface is proportional to the specific surface area of the filler; this is inversely proportional 
to the particle size. Many investigations have indicated the dependence on the specific surface 
area of the interfacial region [147, 148]. 
 
3.3.5 Filler-matrix coupling agents and filler particle surface treatments  
Although previous investigations have identified that the performance of filled polymers are 
heavily dependent on filler particle related characteristics, it seems that optimum performance is 
only possible when the filler particle surfaces are treated for better compatibility with PE and 
dispersion within the matrix [149]. Filler materials are often treated with some form of chemical 
surface coating to optimise their performance or processability; such additives can be classed as 
coupling agents and dispersion agents. Coupling agents improve the filler particles strength of 
adhesion at the polymer interface by modifying their surfaces [150]. In doing so, coupling agents 
promote the polymer to strongly bond to the filler surface for better stress transfer from the 
polymer matrix to the stiffer filler particles. Dispersion agents (or wetting agents) reduce the 
surface energy of filler particles and improve dispersion within the polymer matrix [151]; 
maximising the interfacial area of fillers within a composite whilst reducing its surface energy 
results in better wetting of the filler by the matrix and often better dispersion. However, filler-
matrix interaction is often reduced relative to filler particles not treated with dispersion agents. At 
low filler levels this can be beneficial to toughness; at high filler levels coupling agents perform 
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better [127]. Furthermore, better dispersion of the filler particles may serve the melt flow 
properties of the resulting composite blend. Highly filled polymer composites may benefit the 
most from such treatments.  
 
At present, a wide range of coupling agents and chemical treatments (titanates, silanes, and 
maleic anhydride grafted polymers etc.) are available to chemically promote better filler-matrix 
adhesion. Chemical agents such as these can also better disperse the filler particles and increase 
interfacial area within the matrix. This results in increased stiffness but not necessarily increased 
toughness. The latter is dependent on the filler-level and the properties of the interfacial region. 
These aspects have been investigated by the MMU fillers group [152], Pukanzsky et al. [153] and 
Brechet et al. [154]. Some filler particle surface treatments increase filler dispersion quality at the 
expense of filler-matrix interaction, treatments of this nature are known as dispersants; stearic 
acid is the best example of this class. Dispersants can be more effective than coupling agents at 
increasing composite toughness at low filler levels, where filler-matrix de-bonding and void 
formation contribute to a very effective toughening mechanism. On the other hand, increases in 
the toughness and stiffness of filled polymeric composites may still be possible with coupling 
agents [16]. However, it is difficult to find an effective coupling agent in the case of PE because of 
its low polarity and lack of reactive groups [139]. Hydrocarbon based polymers like PE or 
polypropylene (PP) have a limited interaction with filler particles because of their low surface 
energy (polarity). Bernada [155] claimed that a linear PE chain is stable enough to resist any kind of 
chemical reaction with surface treated fillers.  
 
Maleic anhydride grafted PE (MA-g-PE) is an effective coupling agent which acts via trans-
crystallisation and entrapment of the filler by chemical adsorption of the anhydride groups to the 
filler surface [156]. The latter is achieved via ion pair interactions between a hydrolysed anhydride 
group, and the filler particle surface. Maleic anhydride may be grafted onto polyolefins such as PE 
by mechano-chemical means initiated with free radical, ionic or radiation initiation techniques 
[157]. Suppliers to the rotomoulding industry sell PE grades pre-grafted with maleic anhydride (MA) 
which is more cost effective and convenient; however, the exact level of MA grafted to the 
polymer remains propriety information of the supplier. On the other hand, the chemistry of the 
reactive extrusion process generally prohibits maleic anhydride levels in excess of 1 % wt. in PE 
[158]. 
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3.4 Introduction to Finite Element Analysis  
 
Computer aided engineering (CAE) technologies such as computer aided design (CAD) and finite 
element analysis (FEA) offer the capability to build, optimise and validate engineering designs 
within a virtual environment. Often referred to as virtual prototyping, CAE technologies can: 
 
 Decrease development time. 
 Simplify the revision process. 
 Highlight considerations 
 Assess performance. 
 Bring designs to the market faster. 
 
Modern CAE softwares essentially reduce a significant amount of the design process by 
automating the design sensitivity and optimisation process, eliminating the need to physically 
build multiple prototypes. In the context of RM, manufacturers and their clientele use FEA to 
estimate whether their load-bearing designs will be within the dimensional tolerance specified, 
withstand the loads required and endure the intended lifecycle. FEA is ultimately a numerical 
approximation [159] for solving boundary value and solid mechanics problems. It is the most 
extensively used numerical analysis method in mechanical engineering practice [160]. The 
mechanical response of structures that were previously difficult or practically impossible to 
analyse by hand can now be analysed using FEA software with relative ease. The fundamental 
concept of FEA is the assumption that any continuous quantity such as stress or deflection can be 
numerically approximated by a discrete mathematical model composed of iterative partial 
diﬀerential equations (PDE’s). FEA software solves PDE’s by ﬁrst discretising them into their 
spatial dimensions. This discretisation is done locally at nodes (infinitely small points) that are 
connected by lines to form a mesh of simple shapes (e.g. tetrahedrons, called ﬁnite elements) 
around a 2D or 3D structure [161] (Figure 6). The solutions of PDE’s are functions assigned to the 
nodes forming the ﬁnite elements [162]. Stress or strain is calculated at the nodes and then an 
approximation across the entire mesh of elements is provided (under the given equilibrium and 
loading conditions).   
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Figure 6. FEA mesh of a 3D structure. The triangular shapes are the elements and the points 
connecting the elements are the nodes (or nodal points). 
 
The development and mathematical analysis of FE models is practically impossible to achieve by 
hand. Therefore, computers are used for such operations. However, FEA computer simulation 
times increase with the complexity of the FE model. Therefore, it is important to understand the 
finite element method (FEM) in order to design FE models with an optimal balance of simplicity to 
accuracy [163].  
 
FEA software was primarily designed for application without requiring the user to understand its 
governing mathematics. However, skilful FEA users have a thorough understanding of the 
governing mathematics, model assumptions, boundary conditions and limitations of FEA software 
[164]. Conversely, it must be appreciated that FEA is a purely predictive approach; the virtual 
representation of a physical loading scenario (i.e. the FE model) is highly idealised to reduce the 
number of uncontrollable variables and provide swift solutions with good practical value 
(hypothetically). At present, the RM industry typically uses FEA to approximate the stress or 
deflection of load-bearing parts in the field. Therefore, it was recognised that numerical material 
data for FEA of the proposed particulate-filled PE composite material for RM should be 
developed. Due to the unusual properties of composite materials, FEA has often been applied to 
approximate their mechanical response in various applications [165]. In the 21st Century, most FEA 
software is capable of numerically approximating the behaviour of structures due to multiple 
phenomena such as thermal, chemical and electrical stresses combined [166, 167]. With the latter 
examples in mind, it is appreciated that the mathematical methods of FEA software should be 
properly understood. 
 
3.4.1 Partial differential equations 
Many natural phenomena such as stress-strain, thermodynamics, fluid dynamics and even 
quantum mechanics are approximately described by partial differential equations (PDE’s) [168]. A 
partial diﬀerential equation (PDE) is an equation for some quantity u (dependent variable) which 
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is a function of the independent variables x1, x2, x3 … xn (provided n ≥ 2) and involves derivatives of 
u with respect to at least some of the independent variables [169]. Ordinary differential equations 
describe one-dimensional dynamic systems whereas partial differential equations can 
describe multi-dimensional systems; PDE’s contain unknown multi-variable functions and 
their partial derivatives, relative to ordinary differential equations which contain single variable 
functions and their derivatives [170]. PDE’s may be solved by hand (impractical for complex 
problems) or ordered to create a relevant computer model (e.g. a FE model). Various sets of PDE’s 
have been developed to approximate natural phenomena such as the Helmholtz equation, Klein-
Gordon equation and Poisson's equation.  
 
PDE’s may be solved analytically or numerically. Analytical solutions are closed form as the 
solution can be described as a single mathematical function [171]. The analytical solution is easily 
achievable for very simple problems and becomes impractical to obtain for complex PDE’s with a 
large number of independent variables. In the ideal world, analytical solutions would arguably be 
the preferred choice as it provides a single mathematical function that describes the systems 
behaviour at any given instance. However, analytical solutions are usually difficult to understand 
or impractical to develop for complex problems which involve multiple variables. Numerical 
solutions use a numerical time-stepping procedure to provide a basic solution at any given time in 
the form of time-stepping graph, allowing observation of the change in variables with respect to 
time [172]. Numerical solutions approximate as close as possible to the analytical solution with 
respect to these time-steps. Therefore, the accuracy of the final solution is dependent upon the 
size of the time steps i.e. smaller time steps will give a solution more closely linked to the 
analytical solution. However, many iterative calculations are required for better accuracy; as the 
time steps decrease, the number of iterative calculations increases. The latter condition highlights 
the trade-off between time and accuracy for numerical and analytical solutions. However, modern 
advances in computing speed have greatly leaped the practicality of solving PDE’s numerically. 
Currently, there are various numerical methods used to solve PDE’s such as the finite volume 
method (FVM), the finite difference method (FDM) and the finite element method (FEM). For the 
purpose of this study, the FEM has been selected for further discussion.  
 
3.4.2 History of the finite element method  
Although the development of methods to solve PDE’s can arguably be traced back as far as the 
late 16th Century [173], a paper by Courant et al. in 1928 [174] detailed the considerations for time-
dependent PDE solutions. Furthermore, in 1943 R. Courant utilised the Rayleigh-Ritz method of 
minimisation of variational calculus and numerical analysis to deduce approximate solutions for 
vibrational systems [175, 176]. Prager and Synge used triangular elements to solve a 2D elasticity 
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problem using the hypercircle method in 1947 [177]. The works by R. Courant et al. were extremely 
influential on the first FEA computer software developed by the European and American aircraft 
industries in the 1950’s, using expensive, large mainframe computers [178]. However, in 1955 
Argyris published work on energy methods in structural analysis, thus creating the force method 
of FEA  [179]. Moreover, in 1956 a paper on the stiffness and deflection of complex structures by M. 
J. Turner et al. [180] established a wider definition of numerical analysis for PDE’s. R.W. Clough first 
used the term “Finite Element Method” in 1960 [181]. By the early 1970’s, FEA was limited to 
expensive mainframe type computers only available to heavy industries such as automotive, 
aerospace, defence and even nuclear. However, the introduction of personal computers in the 
1980’s provided wider access to FEA software from numerous vendors.  
 
3.4.3 Theory and Requirements of the Finite Element Method  
The underlying theory of FEA is a selection of discrete PDE’s defined at nodes that form a mesh of 
elements across a geometry. FEA software reduces the PDE’s governing the underlying physics of 
the model into a series of trial functions to be evaluated at nodal points defined by the mesh [182]. 
The result is an approximation of stress, strain or displacement, at any nodal point or element or 
across the structure. Such an interpretation is a wide generalisation. However, it is highly flexible 
in terms of application and can have good practical value. In order to highlight the theory of FEA, 
a generalised solution for static linear-elastic isotropic problems is discussed in this section. 
Generally, it is common to determine the structural behaviour of a body that is in static 
equilibrium, indicating that the sum of all forces acting on the body equal zero. Therefore, in 
order to conduct FEA the following pre-requisites must be met [183]: 
 
 The material properties are known e.g. the tensile modulus, yield stress and Poisson’s 
ratio  
 The geometry of the body in its unloaded state is fully defined (R). The latter is usually 
imported into the software in the form of a CAD file. 
 The elastic constants (𝐶𝑖𝑗𝑘𝑙) of the solid are known. 
 The boundary conditions i.e. the magnitude and distribution of the force (𝑏) and/or 
displacements (u*(x)) on a portion (δ1R) of the body in its unloaded state are accurately 
defined. 
 
The latter pre-requisites are sufficient if thermal effects acting on the body are negligible, the 
material is isotropic, the displacements are relatively small and there is no contact with other 
bodies. The FEM begins by summarising the following governing equations of the model to solve 
for the displacement field (𝑢𝑖𝑗), stress field (𝜎𝑖𝑗 ) and strain field (𝜀𝑖𝑗): 
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 The strain-displacement equation [184] →  𝜀𝑖𝑗 =
1
2
(
𝜕𝑢𝑖
𝜕𝑥𝑗
+  
𝜕𝑢𝑗
𝜕𝑥𝑖
)              Equation 3. 
 The elastic stress-strain law [185] →  𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙                             Equation 4. 
 The static equilibrium of stresses equation [186] →  
𝜕𝜎𝑖𝑗
𝜕𝑥𝑖
+ 𝑏𝑗 = 0                           Equation 5.  
 The boundary conditions on displacement →  𝑢𝑖𝑗 = 𝑢𝑖𝑗
∗ on δ1R             Equation 6. 
 
PDE’s 3 and 5 are generally solved using the principle of virtual work [187]; this re-defines the 
equations in integral form for easier manipulation. The main objective of the FEM is to calculate 
the displacement within a body subjected to external forces; if one were to visualise a solid body 
undergoing deformation due to external load, a suitably defined point on the body will move with 
the application of the load. The displacement vector (u*(x)) will define the motion of this point at 
position x in the undeformed body. Once u*(x) has been determined, the distribution and 
magnitude of stress-strain fields across the entire body can be deduced. 
 
3.4.4 Finite element model development 
FEA may be conducted in three stages respectively; FE model development, analysis and 
refinement. Due to the wealth of options within FEA software, only a selection of analysis types, 
model refinement techniques and material properties used for investigations within this thesis 
are elaborated upon. Primarily, two types of analyses can be conducted within FEA software; 
static linear-elastic and non-linear. Static linear-elastic analyses are suitable for many simple to 
intermediate engineering problems. However, static linear-elastic simulations are highly idealised 
rendering them unsuitable for more complex scenarios. For example, the static term describing 
linear-elastic simulations indicates the entire load is applied at one instance. Therefore, a static 
linear-elastic analysis would not be suitable for vibratory or sinusoidal loading scenarios.  
 
Non-linear analyses are more suitable when excessively large stresses/strains (beyond the yield 
stress of the material) and complex loading scenarios are anticipated. However, designing non-
linear FE models requires significantly more time, information and careful representation of the 
loading scenario relative to static linear-elastic simulations. Furthermore, when designing non-
linear FE models it is crucial to avoid the complexity of the model reaching the complexity of the 
problem in the physical world. To reduce simulation times, numerical elimination methods (such 
as Gaussian elimination) may be used for the analysis of FE models with thousands of functions. 
However, when the amount of calculations reaches several million, the non-linear solutions 
become too expensive in terms of time and computing memory. In such circumstances special 
iterative methods such as the Newton-Raphson method are used, although the solution time of 
these methods depends on the required accuracy [188]. Overall, it is clear that identifying a suitable 
26 
 
balance between FE model simplification and accuracy is critical for reducing simulation times, a 
judgement made better by skilful users who have a thorough understanding of the methods, 
boundary conditions and limitations of FEA.  
 
3.4.4.1 Static linear-elastic analyses 
Static linear-elastic FEA offers quick solution times at the expense of highly idealising the model; 
in essence, such models assume the structure and material to obey Hooke’s Law, whereby the 
stress-strain response of the material is linear and the structure returns to its original state upon 
removal of the load [189]. The tensile modulus of a material is the gradient of its tensile stress-
strain response up to the yield point. Beyond the yield point is the onset of non-linearity. 
Therefore, static linear-elastic simulations are suitable when stresses below the yield point of the 
material are anticipated. Generally, engineering designs require a high factor of safety to ensure 
that the stresses operate well below the yield point of the material. Therefore, static-linear elastic 
simulations are common procedure for FEA. Consequently, the matrix function describing the 
static linear-elastic assumption is: 
 
                                                                   {𝐹} = [𝐾]{𝑢}                                                                Equation 7.           
Where: 
 
{K} = Global stiffness matrix of the structure  
{F} = External force matrix 
{u} = Displacement matrix  
 
In order for the static linear-elastic assumption to be valid, the loads must be constant in 
magnitude and distribution [190], the applied stress should be lower than the yield stress of the 
material and the boundary conditions should remain constant from the instance of loading to the 
final deformed shape. Furthermore, static linear-elastic analysis assumes the entire load is applied 
at one instance and the stiffness of the structure is independent of any load or displacement [191]; 
a geometric stiffening phenomenon can occur when a structure is loaded resulting in decreased 
displacement with increased load, such factors are not fully accounted for in static linear-elastic 
FE models. However, the static linear-elastic assumption may be used in circumstances where 
steady state and constant magnitude are observed; for example, the structural response of a body 
travelling at a constant velocity or acceleration can be modelled as static. The static assumption 
loses its validity when, for example, the structure’s stiffness causes the load to be removed before 
the full response can be gauged or when the load excites vibrations within the structure. 
Technically speaking, a static linear-elastic situation seldom exists in the physical world. However, 
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it is reasonable that such an assumption may give an accurate-enough indication of a structure’s 
response. 
 
3.4.4.2 Non-linear analyses 
The behaviour of materials beyond the yield point is typically characterised by the tensile stress-
strain response, which is required by FEA software for non-linear analyses. Equation 7 is deemed 
adequate for linear materials such as metals. For non-linear materials such as PP, PE and other 
semi-crystalline thermoplastics with a glass transition temperature (Tg) below ambient 
temperature, Equation 7 must be generalised. A whole branch of continuum mechanics is 
dedicated to the solutions of such problems [192]. During non-linear FEA, the material is assumed 
to be elasto-plastic; it deforms both elastically and plastically depending on the level of stress. 
However, this is a challenge to determine for plastics due to their non-linear behaviour, even 
below the yield point [193]. Non-linear FEA correctly assumes the stiffness of the structure to be 
load dependent; the deformation due to load consequently affects the overall stiffness of the 
structure. Therefore, a non-linear analysis may be applicable to structure’s that undergo very 
small deflections due to a geometric stiffening effect, countering the notion that non-linear 
analysis is for large displacements only [194]. Changes in load type and direction due to 
deformation of the structure may also be accounted for during non-linear FEA. Overall, non-linear 
FEA can account for non-linearity in the material, the geometry and the boundary conditions (e.g. 
temperature, loads or constraints). Such parameters undoubtedly have an effect on the 
mechanical response of a physical structure. Boundary condition non-linearity refers to the non-
linear behaviour of loads or constraints. For example, if the magnitude of stress located near the 
support points of a structure is beyond the yield stress of the material, non-linear FEA may be 
employed  [195].  
 
During non-linear FEA, time dependent loads are incrementally applied to a structure up to the 
maximum load for a theoretically more accurate solution (e.g. 10 N s-1 to a maximum of 1 kN); the 
values of load at each time increment (load-time) are used to solve the nodal functions of 
deflection. The resulting deflection values are then converted into load values for input into the 
nodal functions of deflection at the next load-time. FEA software uses these values of load and 
deflection to calculate nodal stress and strain at each load-time and provides a final solution after 
the final load-time. Iterative methods such as the Newton-Raphson technique are used to conduct 
non-linear FEA [196]. Actual stress-strain curves from physical testing are typically used as a 
reference by FEA software to calculate stress-strain realistically for non-linear FE models. Unlike 
static linear-elastic FEA, non-linear FEA can optimise the load-time increment by observing when 
the previous load increment solution is within 98% of the next load increments solution. However, 
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this may be user specified. The latter process is known as solution convergence. Therefore, the 
timing of the load increment should be sufficiently optimised to observe solution convergence 
[197].  
 
3.4.5 Finite element model refinement  
The fundamental purpose of FE model refinement is to increase mesh quality to reduce 
experimental error. FEA software calculates stress and strain at nodal points defining the mesh. 
Therefore, it is crucial that the mesh is properly defined. Determining the exact number, size and 
shape of elements to optimise a FE model is not possible. Moreover, refining a mesh to ensure 
low approximation errors and avoid long solution times simultaneously can be a difficult and 
time-consuming task [198]. However, the application of mesh refinement is certainly individual to 
the boundary conditions of model. Therefore, the importance of a good mesh for FEA cannot be 
overemphasized [199]. Conversely, over-refining the mesh may increase simulation time 
considerably for little gain in accuracy. To simplify the refinement process, the mesh can be 
iteratively refined until the solution of the model converges to a user specified limit e.g. the 
elemental solutions of stress or strain are within 98 % of the equivalent nodal solutions, the latter 
is called relative strain error convergence. Other common convergence options for FEA are: 
 
 Strain energy convergence - The strain energy of the model is calculated by summing the 
strain energy of the elements. Strain energy convergence is a better criterion for 
optimizing an FEA mesh; the average strain energy of the elements is influenced by mesh 
size and elemental order, rather than structural geometry.  
 
 Stress convergence – Convergence occurs when the solutions of stress reach a limiting 
value. Convergence is difficult to achieve with this method if stress concentration points 
are observed. The concentrated stress simply increases with the increase in mesh density. 
Some degree of mesh coarsening (reduction of nodal points) at points of stress 
concentration can reduce this effect. 
 
 Deflection convergence - nodal deflection values are used for the convergence criterion.  
 
Mesh refinement may be automated (known as adaptive meshing) or manually conducted by 
skilful users [200]. Adaptive mesh refinement usually increases the number of elements in areas of 
interest by decreasing their size. A FE mesh is characterized by the local mesh size “H”, the 
element order “P” and the nodal positions “R” for the solutions of stress or deflection across the 
mesh [201]. The H and P mesh refinement methods are extensively implemented within FEA 
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software. However, the implementation of each method can be different depending on analysis 
conditions. Adaptive mesh refinement methods started with H-refinement before Babuska et al. 
[202] introduced P-refinement and HP-refinement methods. H-adaptive meshing refines the mesh 
size by subdividing the elements. However, H-adaptive mesh refinement does not modify the 
polynomial order of the elements [203]. On the other hand, the algorithm for H-adaptive mesh 
refinement is relatively easy to apply on complicated geometries. The basic procedure of H-
adaptive mesh refinement by element subdivision is portrayed in Figure 7.  
 
 
Figure 7. The basic subdivision of triangular elements during H-adaptive mesh refinement [204]  
 
P-adaptive mesh refinement is simpler in mesh construction than H-adaptive. P-adaptive 
maintains a fixed mesh but increases the polynomial order of the nodal functions at each 
element; a nodal function of stress or deflection is affected by the number, position and 
properties of surrounding nodes. If there are several nodes within a small area of a structure’s 
mesh, the resulting nodal functions will contain several algebraic terms, becoming polynomials. A 
larger number of algebraic terms increases the order of these polynomials, known as the element 
order. An example of this is illustrated in Figure 8. 
 
 
Figure 8. Regions of both lower and higher polynomial orders within a 2D FE mesh. The 
polynomial order of the nodal functions increases with increasing node count [205].   
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P-adaptive mesh refinement is particularly useful for complex elements that deform due to both 
compression and tension [206]. The HP-adaptive mesh refinement type combines the approach of 
both H and P-adaptive meshing [207]. R-adaptive mesh refinement maintains the number of nodes 
in the original mesh. However, the positions of these nodes are relocated to where better 
resolution is required [208].All three methods (H, P and R-adaptive) have individually achieved 
success in FEA studies [209, 210, 211]. However, the consideration of all three adaptive mesh 
refinement methods (H, P and R) should be made during FEA. The accuracy of FEA is heavily 
dependent on the mesh size selected; a smaller mesh size can minimise the error incurred by 
extrapolating data between nodes. On the other hand, a fine mesh increases the computational 
cost of the analysis in terms of simulation time. Therefore, a skilful FEA user should have 
adequate experience and knowledge with each mesh refinement method to understand its 
application. To conclude, the following steps summarise the basic procedure of FEA software:  
 
1. A 2D or 3D structure is graphically divided into small elements (sections or regions of 
shape).  
2. A mechanical stress-strain response is defined at the elements by a set of PDE’s. The 
PDE’s are converted into polynomial functions suitable for a computer-aided solution.  
3. The element functions are combined and a global structural function is obtained.  
4. The load and boundary conditions are then incorporated in the global function  
5. The individual functions are solved and a deflection for each node is calculated.  
6. The deflection values are then inserted into the global function to solve for overall stress 
and strain of the structure. 
7. Refinements are made to the original model, if necessary. 
 
3.5 Finite Element Analysis of Rotomoulded Parts 
In the context of RM, little published research regarding FEA is available [23]; the FEA of 
rotomoulded parts often remains confidential in the RM industry, creating an environment that 
promotes the retention (rather than the dissemination) of vital experience and data with regards 
to FEA. The RM industry mostly outsources FEA to external consultancies, understandably due to 
their own lack of expertise in using such software. Furthermore, if any preliminary design 
revisions resulting from FEA were made, rotomoulders can defend claims of negligence if a part 
fails in the field [212]. It is apparent that the accuracy of FEA software is dependent on the 
credibility of input data (material properties, geometry and load scenario). Parameters such as 
geometrical dimensions, material properties and model assumptions play an important role in the 
accuracy of FEA. With this in mind, it is appreciated that the geometry of rotomoulded products 
vary significantly relative to injection moulded products, due to the absence of applied pressure. 
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Therefore, conducting FEA on large rotomoulded products (such as underground water tanks 
where wall thicknesses can exceed 50 mm) presents a formidable challenge to engineers due to 
substantial differences between the FE model and the physical rotomoulded product. These 
differences are: 
 
 The variation in wall thickness.  
 The complex non-linear behaviour of PE at low strains. 
 The lack of experimental data regarding the compressive behaviour and Poisson’s ratio of 
PE. 
 
Such factors are not entirely considered during the FEA of rotomoulded parts, leading to instances 
of unexpected behaviour in the field. Therefore, identifying the critical factors affecting the use of 
FEA for rotomoulded parts is explored within this thesis, in order to develop an inclusive FE 
modelling procedure. Consequently, the extensive use of FEA in the modern engineering world 
exemplifies the importance of developing a numerical material property database for the 
proposed new particulate-filled PE composite materials. The latter materials should instil 
confidence in rotomoulders who are expected to use them via accurate FEA approximations of 
their performance. Combining physical test data from rotomoulded parts with FEA was the 
selected approach; a venture seemingly unheeded in the RM industry today. Data from the 
material specification sheets of PE suppliers are often inappropriate for FEA and vary 
considerably. A common example of this is the tensile modulus of PE; due to the non-linearity of 
PE’s stress-strain response, the tensile modulus is an over-estimation of its true capability. A high 
modulus composite material accompanied by accurate numerical material property data for FEA 
could expand the current application envelope for RM. The latter formed the rationale behind the 
composite development and FEA investigations in this thesis.  
 
3.6 Summary of Literature Review  
 
To conclude, the following points of interest from the literature review are summarised: 
  
 RM has progressed considerably (and is continuing to progress) from a relatively primitive 
technique to a method highly regarded by manufacturers for complex, load bearing 
structures. 
 
 PE is the most common material used in modern day RM products because of its cheap 
cost, good toughness and suitable melt flow properties, relative to alternative polymer 
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grades. However, the stiffness limitation of PE narrows the application envelope for 
manufacturers. 
 
 Fillers have been known to reduce the cost of polymer products. However, this effect is 
generally superseded by the reinforcing effects. Filler characteristics such as shape, size, 
elemental composition and aspect ratio play significant roles in determining the 
effectiveness of particulate-fillers as reinforcements for polymers. 
 
 Optimisation of particulate-filled polymers is only possible when the filler particles have 
been treated with chemical agents to increase the strength of adhesion between the 
polymer matrix and the filler particle (filler-matrix interaction) and disperse the particles 
evenly. The latter additives are known as coupling agents and dispersion agents 
respectively. 
 
 PE is well known to have low polarity (chemically stable). Therefore, it is somewhat 
tedious to find a coupling agent to functionalise the PE matrix for better compatibility 
with the filler particle surfaces; this can increase matrix-filler interaction and thus increase 
the mechanical performance of the resulting composite. 
 
 RM is a zero-shear process (unlike many conventional plastics moulding processes such as 
injection or blow moulding). The lack of pressure induced flow of the polymer melt 
challenges particulate-filled polymer composite materials; the melt flow properties of the 
resulting composites are often reduced. 
 Computer aided engineering (CAE) technologies such as computer aided design (CAD) and 
finite element analysis (FEA) offer the capability to build, optimise and validate 
engineering designs within a virtual environment.  
 
 In the context of RM, manufacturers and their clientele use CAE softwares such as FEA 
and CAD to estimate whether load-bearing parts will be within the overall dimensions 
specified, withstand the loads required and endure the intended lifecycle.  
 
 FEA is ultimately a numerical approximation for solving boundary value and solid 
mechanics problems. It is the most extensively used numerical analysis method in 
mechanical engineering practice. The mechanical response of structures can be analysed 
using FEA software with relative ease.   
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 The fundamental concept of FEA is the assumption that any continuous quantity such as 
stress or deflection can be numerically approximated by a discrete mathematical model 
composed of iterative partial diﬀerential equations (PDE’s).  
 
 FEA software was first developed in the 1950’s. By the early 1970’s, FEA was limited to 
expensive mainframe type computers only available to heavy industries such as 
automotive, aerospace, defence and nuclear. However, the introduction of personal 
computers in the 1980’s provided access to FEA software from numerous vendors.  
 
 Primarily, two types of analyses can be conducted using FEA software; static linear-elastic 
and non-linear. Static linear-elastic analyses are suitable for many simple to intermediate 
engineering problems. However, static linear-elastic analyses are highly idealised for 
quicker solution times rendering them unsuitable for more complex scenarios.  
 
 Non-linear FEA is more suitable when large stresses/strains (beyond the yield stress of the 
material) and complex loading scenarios are anticipated. However, designing non-linear 
FE models requires significantly more time, information and careful representation of the 
loading scenario. Overall, non-linear simulations can account for non-linearity in the 
material, the geometry and the boundary conditions. 
 
 Identifying a suitable balance between simplification and accuracy in order to reduce 
simulation times is crucial; a judgement made better by skilful FEA users who have a 
thorough understanding of analysis methods, boundary conditions and limitations.  
 
 The fundamental purpose of FE model refinement is to increase mesh quality to reduce 
experimental error. The accuracy of FEA is heavily dependent on the mesh size selected; a 
smaller mesh size can minimise the error incurred by extrapolating data between nodes. 
On the other hand, a finer mesh increases the cost of the analysis in terms of time and 
computer operating speed.  
 
 Adaptive mesh refinement usually increases the number of elements in areas of interest 
by decreasing the size of elements. A FE mesh is characterized by the local mesh size “H”, 
the element order “P” and the nodal positions “R”. 
 
 H-adaptive mesh refinement subdivides elements but maintains the order of the element. 
Moreover, the algorithm for H-refinement is easy to apply to complicated geometries. P-
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adaptive mesh refinement is simpler in mesh construction than H-adaptive. P-adaptive 
maintains a fixed mesh but increases the polynomial order of the nodal functions at each 
element.  
 
 In the context of RM, little published research regarding FEA is available. The RM industry 
mostly outsources FEA to external consultancies, understandably due to their own lack of 
expertise using such techniques. 
 
 The FEA of large rotomoulded products presents a formidable challenge to engineers due 
to substantial differences between the FE model and the physical rotomoulded product, 
such as wall thickness variation and the non-linear behaviour of PE. 
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4. Experimental 
 
 
This section details the experimental methods used for both the development of particulate-filled 
PE composite materials and FEA of the rotomoulded safety step product, using numerical data 
from physical testing of the particulate-filled PE composite materials.   
 
4.1 Polyethylene Grades and Coupling Agent  
 
Material data sheets for all the polymers used in this study are available within the Appendix 
Section 5. 
 
4.1.1 Maleic anhydride grafted polyethylene (MA-g-LLDPE)                                                        
Prior to initial investigations, the industrial sponsor Rotomotive Ltd. had developed an optimal 
polyethylene based formulation for the rotational moulding of dry blended composite materials 
containing high levels of large particle fillers.  This material was in powder form and consisted of 
75 % wt. Linear Medium Density Polyethylene (LMDPE) and 25 % wt. Maleic Anhydride grafted 
Linear Low Density Polyethylene (MA-g-LLDPE). The MA grafted in the LLDPE is a coupling agent 
introduced to improve the strength of interaction with fillers; the level of MA used was found by 
experiment to be optimum for the large particle composite application concerned. The 
commercial names of the LMDPE and MA-g-LLDPE used in this study are ‘Revolve N250’ and 
‘Revolve N211’ respectively, they are available from Matrix Polymers Ltd. UK; Table 1 displays 
their properties. 
 
4.1.2 High density polyethylene (HDPE) 
The HDPE reference was M40060S from SABIC. It is said to have a narrow molecular weight 
distribution and good mouldability. Articles produced from this grade exhibit excellent impact 
strength, good stress crack resistance (SCR) and low warpage with a glossy finish. Table 1 also 
displays the properties for this particular HDPE grade. 
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Table 1. Properties of MA-g-LLDPE, LMDPE and HDPE. 
Physical Properties 
MA-g-LLDPE LMDPE HDPE 
Test 
Standard 
Value 
Test 
Standard 
Value 
Test 
Standard 
Value 
Density 
(g cm-3) 
ISO 1183 0.921 ISO 1183 0.935 
ASTM 
D1505 
0.96 
Melt Flow Rate 
(dg min-1) 
ISO1133 5 ISO1133 7 
ASTM 
D1238 
4 
Tensile Yield Strength 
(MPa) 
ISO 527 11 ISO 527 16.8 ASTM D638 33 
Impact Strength 
(J) 
ARM-I 80 ARM-I 101.6 ASTM D256 69 
Estimated Price 
(£/metric tonne) 
3000 1250 2500 
 
 
4.2 Candidate Filler Particles  
 
Material data sheets for the filler particles used in this study are available within the Appendix 
Section 6. The mineral fillers (see Table 2) were natural silica sand, almandine garnet and both 
coarse and fine fractions of alumino-silicate spheres (cenospheres and fly-ash respectively).  
 
Table 2. Details of the filler particles used in this study. 
Details  Fly-ash Cenospheres  Garnet  Sand 
Supplier 
Rocktron 
Ltd. 
Dean and 
Tranter Ltd. 
GMA Garnet 
Australia  
Bathgate Silica 
Sand 
Chemical Analysis Sio2.Al203 Sio2.Al203 3Fe0.Al203.3Si2  Sio2 
Shape Spherical Spherical Irregular  Irregular  
Density 
(g cm-3) 
2.3 0.74 4.08 2.67 
Hardness  
(Mohs Scale) 
 5-6  5-6 7.5-8  6-7 
Approximate Price 
(£/metric tonne) 
750  350  250  60  
 
 
4.3 Polyethylene and Filler Particle Characterisation 
 
4.3.1 Determination of melt flow rate (MFR) 
The MFR of PE grades used in this study were determined using a Ray-Ran melt flow indexer. The 
procedure for determining the MFR, (in accordance with ASTM D1238) was as follows: 
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1. A small amount of PE (ca. 4-5 g weighed on a Sartorius model AC 120 S four figure 
balance) was placed into the extruder barrel of the Ray Ran MFR apparatus. At the end of 
the extrudate barrel is a small die of approximately 2mm in diameter. 
2. The PE was compressed into the extruder barrel (using a metal plunger) in 0.5 g intervals 
to avoid the formation of air bubbles. 
3. The sample was then preheated for 5 min at approximately 190 °C. 
4. A 2.16 kg piston was then placed into the barrel (on top of the PE) to introduce the shear 
force required to extrude the PE through the die at the output end of the barrel. 
5. A sample of the melt was then taken after a period of ten minutes and weighed to give 
the resulting MFR (expressed as g/10 minutes or dg min-1 ). 
6. Each determination was replicated four times and an average value reported. 
 
4.3.2 Estimation of filler particle maximum packing fraction (MPF) 
MPF tests (essentially oil absorption tests) were carried out in order to estimate the maximum 
amount of filler that can be incorporated into a PE matrix.  Rather than linseed oil (as would be 
used in a conventional oil absorption test), liquid paraffin was used as the liquid medium.  Liquid 
paraffin is chemically very similar to PE; in fact the basic structure (mixed alkanes) is identical to 
PE, the alkyl chains in liquid paraffin are however much shorter.  Linseed oil (mainly linolenic acid) 
is more polar than PE and could therefore give unsuitable data. The test involved placing a known 
mass of filler (ca. 1 g weighed on a Sartorius Model AC 120 S four figure balance) on to a clean 
white tile.  Liquid paraffin was added drop-wise to the pile of filler from a burette.  A palette knife 
was used to mix the filler and liquid paraffin mixture, making sure that it was spread into a neat 
pile.  Just enough liquid paraffin was added to fully wet out the powder particles such that a 
homogeneous putty-like mass was formed whilst mixing with the spatula. The latter change in 
property forms a surprisingly well defined end point. Reproducibility was typically ± 0.01 % vol. 
Each determination was replicated three times and the average titre reported. The maximum 
packing fraction (MPF) was then calculated by volume and mass, using Equations 8 and 9 
respectively. Equation 8 was used to convert mass into volume and vice versa, for input into 
Equations 9 and 10. 
 
    𝜌 =
𝑚
𝑣
                                                                                     Equation 8. 
Where: 
m = Mass of powdered material (g) 
v = Volumetric displacement of water (ml) 
𝜌 = Density of material (g cm-3) 
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   𝑉𝑝𝑓 =  
𝑉𝑓
𝑉𝑓+𝑉𝑙
                                                                                    Equation 9. 
 
Where:  
Vpf = Maximum packing fraction volume (between 0 and 1) 
vf =Volume of filler (cm3) 
vl = volume of liquid paraffin (cm3)  
 
   𝑀𝑝𝑓 =  
𝑀𝑓
𝑀𝑓+𝑀𝑙
                                                                           Equation 10. 
Where: 
Mpf = Maximum packing fraction by mass (between o and 1) 
ml= Mass of liquid paraffin (g) 
mf = Mass of filler (g) 
 
4.3.3 Determination of filler particle densities  
4.3.3.1 Sand, garnet and fly-ash 
The densities of sand, garnet and fly-ash were calculated directly by slowly sprinkling a pre-
determined mass (ca. 200 g weighed on a Mettler model PE11 one figure balance) of each 
material into a measuring cylinder containing water to measure the resulting volumetric 
displacement.  The corresponding values of mass and volume were then used to calculate the 
density using Equation 8. Three repeat tests were conducted and the average density and 
standard deviation was calculated. Candidate fillers used in this work were not porous, this is 
apparent in scanning electron microscope (SEM) images of the filler particles (Results and 
Discussion Section 5.3.1, Figures 44-48) where the filler particles have a solid non-porous surface. 
Fly-ash and cenosphere particles are essentially hollow spheres filled with air. 
 
4.3.3.2 Cenospheres 
Cenospheres float on water due to their low density relative to water.  Therefore, a liquid of lower 
density than water was used for cenosphere density tests; petroleum ether (60-88 °C boiling 
range, density 0.67 g cm-3). Prior to conducting the test, a jar and lid were weighed using a 
Mettler model PE11 one figure balance. The jar was then totally filled with petroleum ether, 
sealed with the lid (to prevent the petroleum ether from evaporating) and the total mass of the 
jar, lid and petroleum ether was recorded. Next the jar was emptied, rinsed thoroughly and dried 
before repeating the same process again with the addition of cenospheres. The mass of 
petroleum ether in the jar (both with and without cenospheres) was deduced and converted to 
volume using Equation 8. The difference between the two measured volumes (as a result of 
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cenosphere addition) was then calculated; the resulting volume and known mass of cenospheres 
were then used to calculate the density, using Equation 8. Three repeat tests were conducted and 
the average density and standard deviation was calculated. 
 
4.3.4 Verification of filler particle size distribution  
Sieve analyses on the large particle fillers were conducted using a Rotap shaker, test sieves and 
pan. The latter equipment is a vertical stack of sieves, whereby the top sieve is of a larger size 
than the sieve underneath.  For this investigation, the sieve sizes (in descending order from the 
top) were 500, 425, 300, 212, 150 and 90 µm, leading to a pan at the very bottom to collect 
remaining particles. The shaker is used to ensure the filler particles are effectively drawn through 
the sieves. The test procedure was as follows: 
 
 Sieves were arranged in the order specified and a 100 g sample was placed into the top 
sieve. 
 A lid was placed on the top sieve and secured to the Rotap sieve shaker. 
 A 10 minute timer was set on the control pad of the sieve shaker and the start button was 
pressed via the analogue control panel. 
 After 10 minutes, the top sieve was placed on the scale and the tare was set to zero. 
 The sieve was then removed, any remaining material was cleaned and the new weight of 
the sieve was then recorded. 
 This process was then repeated with all the remaining sieve sizes. The weights were 
totalled and recorded. 
 
4.3.5 Determination of PE/filler composite densities  
4.3.5.1 Densometer method 
Composite PE/filler density was determined using an Ohaus Voyager Pro densometer. The 
densometer has a combined weighing scale and jug facility which allows the user to weigh a solid 
material in air and water, both of which the densometer records. The densometer then uses 
Archimedes principle to calculate the density, utilising the values of apparent weight in air and 
apparent weight in water using Equation 11. 
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𝜌𝑚
𝜌𝑤
=
𝑚
𝑚−𝑚𝑤
                                                             Equation 11.                   
Where:  
 𝜌m= Density of material (g cm-3) 
 𝜌w= Density of water (g cm-3) 
 m = Mass of material in air (g) 
 mw= Apparent mass of material in water (g) 
 
4.3.5.2 Ashing method 
Ashing to determine the density of melt compounded PE/fly-ash composites was conducted using 
a Carbolite electric oven, a glass desiccator containing silica gel beads (to absorb moisture) and 
ceramic crucibles. The desiccator had a valve on the lid for air pressure relief. A thin layer of 
petroleum jelly was applied by hand on the surface of the lid and desiccator to create an airtight 
seal. The following test procedure was applied: 
 
1. The crucibles were treated in the oven for 2 hours at 860 oC to burn off any organic 
residues. 
2. The PE/fly-ash composite samples and crucibles were weighed using a Sartorius Model AC 
120 S four figure balance. 
3. One crucible was filled with fly-ash and the other crucibles were filled with the PE/fly-ash 
composite samples. 
4. All crucibles were placed in the desiccator, sealed air-tight and placed in the oven at 
100oC for two hours to remove any moisture.  
5. The crucibles and their contents were weighed and placed back into the oven at 800 oC 
for two hours to burn off the PE in the PE/fly-ash materials. 
6. The remaining filler content in the crucibles were weighed. Equations 12, 13 and 14 were 
used to calculate composite filler content and ultimately total composite density (using 
Equation 15). 
 
 𝐹𝑟 = 𝑚𝑓/𝑚𝑓𝑑                                                                                    Equation 12. 
Where: 
Fr = Residue fraction of fly-ash after 800 oC 
mf = Mass of fly-ash (g) 
mfd = Mass of fly-ash after the 100o C drying period (g) 
 
 
 
41 
 
 𝑀𝑓𝑐 = 𝑚𝑐𝑟/𝑓𝑟                                                                                   Equation 13.  
Where: 
Mfc = Mass of fly-ash in composite (g) 
mcr = Mass residue of composite after 800 oC  period (g) 
fr = Residue fraction of fly-ash  
 
 
 
 
 
𝐹𝑐 =
𝑚𝑓𝑐
𝑚𝑓𝑑
× 100                                                                                 Equation 14. 
Where: 
Fc = Fly-ash content (% wt.) 
mfc = Mass of fly-ash in composite (g) 
mfd = Mass of composite after the 100 oC drying period (g)  
 
𝜌𝑇 =
1
(𝑚𝑓 𝜌𝑓⁄ )+((1−𝑚𝑓) 𝜌𝑝⁄ )
                                                            Equation 15. 
Where: 
ρT = Total composite density 
mf = Mass of filler material (g) 
ρf = Density of filler (g cm-3) 
ρp = Density of polymer (g cm-3) 
 
4.4 Blending of Filler Particles and Polyethylene to Form Composite Materials 
 
4.4.1 Dry blended formulations 
Composites were prepared by pre-mixing the filler and PE in the bowl of a planetary type powder 
mixer (Brevel model SHM2 domestic cake mixer).  The total mass of the charge was 500 g weighed 
using a Mettler model PE11 one figure balance.  Mixing took place for 10 minutes at slow speeds.  
The composite was finally formed in a separate compression moulding operation described in 
Section 4.5. 
 
4.4.2 Two roll milled formulations 
Blends were mixed using a Bridge laboratory two roll mill with 150 mm diameter x 300 mm long 
rolls. The distance between the crowns of the rolls (known as the “nip”) is adjustable. The rolls 
rotate at different speeds in opposing directions; the ratio of rotation speed between the front 
and rear rolls is the friction ratio. The polymer melt within the nip is therefore subjected to high 
shear stresses, which leads to dispersive mixing. The steam heated front and rear rolls were set at 
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137 °C and 146 °C, respectively.  Corresponding steam pressures were 430 kN m-2 and 550 kN m-2, 
respectively. A friction ratio of 2 was used.  Mixing was carried out by cross cutting and took 
between 5 and 30 minutes depending on filler type and amount. A diagram to demonstrate the 
two roll mills mixing process is provided in Figure 9; the PE powder is poured onto the hot rolls 
(when the nip is closed) and rotation is initiated. A band of polymer melt then forms on the hotter 
front roll and a rolling bank of polymer melt forms above the nip. Once the band is formed, filler 
particles can be introduced to the rolling bank. Distributive mixing is effected by cross-cutting the 
band of polymer melt, this introduces material from the rolling bank to the nip. After 
incorporation of all the ingredients, the mixes were sheeted off by cutting quickly across the band 
and taking it off as a “hide” where possible. The hide was left to cool on a clean stainless steel 
bench. 
 
 
Figure 9. Diagram of two roll mill (side view). The PE melt sticks to the hotter roll (on the left) 
during processing. Notice the rolling bank of polymer within the “nip”. 
 
4.4.3 Twin screw extrusion compounded formulations 
Blends were compounded using a Thermo-Prism 24HC modular 28:1 L:D ratio twin screw extruder 
(TSE). The screw speed was generally set between 500 and 900 rpm, the head pressure between 
40-60 bar and the temperature between 160-230 oC, depending on the type of filler and amount.  
The TSE was fitted with a three-hole die and the vacuum vent facility was used. Figure 10 shows a 
side view schematic of the TSE. 
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Figure 10. Schematic of the twin screw extruder (side view). 
 
The PE and filler particles were loaded into separate Brabender Technologie feeders; a volumetric 
feeder was used for the polymer and a gravimetric feeder was used for the filler material, at the 
feed zone of the screws.  The combined output rate was between 12 and 14 kg hr-1 and the 
feeders were individually programmed with the correct output rate to give the desired filler 
content.  The extrudate strands (from the die) were passed through a cooling trough (2.5 m long x  
0.28 m wide) containing water at 18-20 °C to the pelletiser integrated at the end of the cooling 
trough. The benefits of the blending techniques investigated in this study (dry blending, two roll 
mill and TSE) are discussed in detail within the Results and Discussion Sections 5.4, 5.5 and 5.6 
within this thesis. Conclusions arisen from physical testing to verify the effectiveness of each 
method are also detailed within these sections. A full list of the compounds prepared by two roll 
mill blending and twin screw extrusion are available within the Appendix Section 1. The 
corresponding Results and Discussion Section numbers for these compounds are also provided. 
 
4.5 Moulding of PE/Filler Composites 
 
4.5.1 Composite plaques prepared at Manchester Metropolitan University  
Plaques were compression moulded in a 250 mm x 200 mm x 4 mm mould frame using a 500 kN 
Bradley and Turton hydraulic press fitted with electrically heated platens. The moulding was 
cooled by transferring the filled mould to a 500 kN Francis Shaw hydraulic press fitted with water 
cooled (15 °C) platens.  The moulding cycle was as follows: 
 
  
 
 
Motor 
 
 Gearbox 
Feed  
Zone 
Heated Barrel  Die 
Horizontally 
Positioned 
Screw 
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1. 500 g of the composite mix/pellets were placed within the frame mould which had been 
pre-treated with Frekote 700-NC mould release agent and then pre-heated in the 
electrically heated press for 2 minutes. 
2. The filled frame mould was then placed into the electrically heated press and the platens 
were closed such that the top plate of the mould fully contacted the top platen. The 
contents of the mould were then allowed to heat through for 5 minutes before fully 
closing the mould to a maximum hydraulic line pressure of 100 kN. Considering the area 
of the mould is 0.05 m2, the maximum pressure exerted on the polymer melt is 1.96 MPa. 
However, it has to be appreciated that once a frame mould is closed no further pressure 
can be applied to the polymer melt in the mould. 
3. After a period of ten minutes, the filled mould was removed from the hot press and 
placed into the water cooled press, the platens were quickly closed and cooling continued 
for 10 minutes. 
4. The moulding was then removed from the mould frames using a rubber mallet (if 
necessary). 
 
Tensile (ASTM D638), flexural (ASTM D790) and impact test pieces were cut from the composite 
plaques using an OMAX water jet cutter, using the built in CAD package within the control system 
of the machine. The water jet cutting process is a form of micro-erosion, it works by concentrating 
an extremely large volume of water through a small orifice in a nozzle, producing a high pressure 
jet of water (ca. 600 MPa) containing abrasive particles to accelerate rapidly and impact the 
surface to be cut. The width of the cut is 0.6 mm. The principle benefit of the high pressure water 
cutting process is that it does not generate heat on the cutting edge of the material due to the 
part being submerged in water, leaving a smooth finish with minimal defects. Dimensions were 
programmed to be 10 mm x 100 mm for the flexural and impact specimens with the thickness 
varying between 4 and 6 mm (depending upon filler type and content). Individual specimen 
dimensions were measured to the nearest 0.1 mm before any testing took place. Water jet cut 
test specimens were dried in a Carbolite electric oven at 50 oC for 3 hours to ensure all 
composites had the same thermal history and to reduce any possible adverse effects from the 
plaques being submersed in water during the cutting process.  
 
4.5.2 Composite plaques prepared at Rotomotive Ltd. 
Plaques were compression moulded using a 200 mm x 180 mm x 4 mm frame mould at 
Rotomotives facility in Northampton, UK.  Two Halfords model hand pumped 4 metric tonne 
hydraulic bottle jacks were used to press the custom made platens together for each press.  One 
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had heated platens set at 230 °C and the other was used as a cooling platen (with no integrated 
cooling system). The moulding cycle was as follows: 
 
1. Composite pre-mix was added to the pre-heated mould frame treated with Frekote 700-
NC mould release agent and the top plate placed on top of the pile of pre-mix.  
2. The filled mould was then placed into the hot press and the platens closed to a force of 39 
kN, considering the projected area of the mould, the maximum pressure exerted on the 
polymer melt was approximately 1.08 MPa.  
3. After a period of ten minutes, the filled mould was removed from the hot press and 
placed into the cold press and quickly closed. 
4. When sufficiently cooled, the moulding was removed from the mould frame using a 
rubber mallet (if necessary). 
 
Whilst the pressure exerted on the polymer melt (just before mould closure) by the press at 
Manchester Metropolitan University is almost double that of the press at the Rotomotive facility, 
it has to be appreciated that for frame moulds the estimated moulding pressures are essentially 
meaningless as no further pressure can be exerted after mould closure. Flashing of the mould will 
cause the pressure to drop below the estimated value. Therefore, when using a frame mould, the 
clamping force will have insignificant effect on composite properties. At the Rotomotive facility, 
Tensile (ASTM D638) and flexural (ASTM D790) test pieces were punched from the composite 
plaques using custom made metal die punches and hydraulic press. Specimens manufactured at 
the Rotomotive facility were not tested in Charpy impact mode. 
 
4.5.3 Injection moulding of PE/fly-ash flexural test specimens  
PE/fly-ash flexural test pieces (adhering to ASTM D790) were injection moulded using a Battenfeld 
model BA230CD+ injection moulding machine. TSE compounded PE/fly-ash composite pellets 
were placed in the hopper at the feed throat of the machine. The melt temperature was between 
190-200 oC and the clamp pressure was between 6-8 MPa, dependent upon fly-ash content. 
Moulded flexural test pieces were ejected into a box underneath the machine. Spurs were cut off 
the flexural test pieces using pliers. 
 
4.5.4 Bench-scale rotational moulding of PE/fly-ash rectangular test boxes  
Small rectangular box test mouldings made using various formulations of compounded PE/fly-ash 
were rotomoulded using a Roto-Lab model Roto-Sampler machine (Figure 11).  
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Figure 11. Rotomoulded PE/fly-ash rectangular box test moulding (front view) 
 
The dimensions of the rectangular box test mouldings were approximately 155 mm length x 50 
mm height x 40 mm width. The peak internal air temperature of the mould during the heating 
cycle was between 188-244 oC, recorded using a heat sensitive label. The heating cycle took 
typically between 15 minutes and the cooling cycle took typically between 45 minutes, dependent 
on fly-ash content. The following step-by-step procedure was used to operate the rotomoulding 
machine: 
 
1. The oven was set to the required temperature via the analogue control panel of the 
machine and allowed to pre-heat. 
2. The mould was charged with material (in powder or pellet form) 
3. The mould was mounted securely onto the arm in the oven of the machine. 
4. The heating cycle was set via the analogue control panel of machine. 
5. A heat sensitive label was attached inside the mould and a breather pipe (to ensure 
moulding at ambient pressure) was inserted into the mould breather hole. 
6. Rotation of the machine arm was initiated via the control panel and the oven door was 
closed. 
7. Upon completion of the heat cycle (signified by an analogue timer), the oven door was 
opened and the oven air temperature was measured via the analogue display of the 
machine, the arm was then allowed to cool whilst rotating. 
8. At 100 oC, the mould was dismounted from the arm and cooled using a domestic fan 
9. The oven door was closed and allowed to preheat for the next moulding. 
10. Once the mould had cooled below 50 oC it was opened and the moulding was removed by 
hand. The moulds inner surface was then cleaned to repeat the process. 
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Shot charges for the rectangular box test mouldings were in pellet form. Shot weights were 
calculated based on a 3 mm target wall thickness (to conform to the box’s original dimensions) 
using Equation 16.  
 
𝑀𝑠 = 𝑎𝑡𝜌                                                                             Equation 16. 
Where: 
Ms = Shot charge mass (kg) 
a = Surface area of part (m2) 
t = Intended wall thickness (m) 
𝜌 = Density of material (kg m-3) 
 
4.5.5 Commercial-scale rotational moulding of unfilled PE and PE/fly-ash safety steps 
Safety steps (Figure 12) were rotomoulded using a 1981 ORME 10-arm 6-plate single shuttle 
machine fitted with a K-paq temperature logger for process monitoring. The peak internal air 
temperature of the mould during the heating cycle varied between 170-215 oC and took typically 
between 15-35 minutes. The cooling cycle took typically between 60-90 minutes. Both heating 
and cooling cycle times were dependent upon material type. The following step-by-step 
procedure was used to operate the machine: 
 
1. The oven was set to the required temperature via the analogue control panel of the 
machine and allowed to pre-heat. 
2. The safety step mould and temperature logger were then mounted onto the arm of 
the machine in the cooling station. 
3. Cooling and heating cycles were then set via the analogue control panel of machine. 
4. The safety step mould lid was opened, charged with material (in powder or pellet 
form) and clamped to close.  
5. A breather pipe (to ensure moulding at ambient pressure) was inserted into the 
mould tool breather hole along with the thermocouple for the temperature logger. 
6. Rotation of the machine arm was initiated via the control panel of the machine and 
the oven door was opened. 
7. The rotating arm was moved into the oven via the analogue control panel of the 
machine for the heat cycle. 
8. Upon completing the heat cycle (signified by a ringing bell), the oven door was 
opened and the arm was moved back into the cooling station and allowed to cool 
whilst rotating. Ceiling mounted fans above the cooling station were running, 
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however, due to the heat generated by the nearby oven, the cooling station air 
temperature was approximately 37 0C. 
9. Once cooled, the mould tool was opened and the moulding was gently removed using 
a crowbar.  
10. The moulds inner surface was wiped with a damp cloth to remove any remaining 
particles and charged with material again to repeat the process. 
 
Replicate steps were cut in half (lengthways) 24 hours after production for wall thickness 
measurements in the corners and the mid-point of the top and bottom surfaces (Figure 13). 
 
 
Figure 12. The rotomoulded safety step. The overall dimensions of the safety step were 
approximately 485 x 280 x 195 mm. 
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Figure 13. Rotomoulded safety step wall thickness measurement points. A and B are the mid-
section points. C, D, E and F are the corner points. The safety step handle cut-outs are 
represented by the gaps in the left and right sidewalls. 
 
4.5.5.1 Unfilled PE safety steps 
Three commercial PE grades supplied by Matrix Polymers Ltd. in powder form were used to 
mould all of the unfilled PE safety steps; Revolve N250 (LMDPE), N307 (HDPE) and M601 (super-
linear HDPE). The N-250 LMDPE is the original commercial safety steps PE grade; it is considered 
to have a wide processing window, excellent mouldability and good impact strength. N-307 HDPE 
boasts excellent impact strength and is especially suitable for large tanks. M601 “super-linear” 
HDPE has both high stiffness and toughness, making it ideal for leisure marine products such as 
kayaks and boats. A selection of material properties for these PE grades is available within Table 
3, the shot charge weights of the unfilled PE safety steps were calculated using equation 16. 
 
Table 3. Properties of LMDPE, HDPE and super-linear HDPE used for rotomoulded safety steps  
Physical Properties 
 LMDPE HDPE “Super-Linear” HDPE 
Test 
Standard 
Value 
Test  
Value 
Test 
Standard 
Value 
Standard 
Density  
ISO 1183 0.935 ISO 1183 0.939 ISO 1183 0.949 
(g cm-3) 
Melt Flow Rate  
ISO1133 7 ISO1133 3.5 ISO1133 3.5 
(dg min-1) 
Tensile Yield Strength 
ISO 527 16.8 ISO 527 17.7 ISO 527 21.4 
(MPa) 
Impact Strength  
ARM-I 101.6 ARM-I 108 ARM-I 118 
(J) 
 
 
 
  
A 
C D 
B 
E F 
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4.5.5.2 PE/fly-ash safety steps 
PE/fly-ash composite safety steps were moulded at 0, 12.5, 25 and 50 % wt. fly-ash loading (Table 
4). The PE grade used for PE/fly-ash composites was in powder form and consisted of 75 % wt. 
LMDPE and 25 % wt. MA-g-LLDPE; refer to Experimental Section 4.1 for details this PE blend.  
 
Table 4. PE/fly-ash composite safety step materials  
MA-g-
LLDPE/LMDPE 
(% wt.) 
Fly-ash 
% wt. % vol. 
100 0 0 
87.5 12.5 7.2 
75 25 14.4 
50 50 28.8 
 
The shot charge weight of the composite PE/fly-ash safety steps were in pellet form and were 
calculated by volume using Equation 8, based on the 5 kg weight of the original safety step at 7 
mm nominal wall thickness. A total composite density for the PE/fly-ash composite materials was 
calculated using Equation 15, for input into Equation 8.  
 
4.6 Measurement of Mechanical Responses 
 
Examples of how raw test data translated into the properties presented in this thesis are available 
within the Appendix Section 2. 
 
4.6.1 Tensile Testing 
Tensile testing to failure was carried out in accordance with ASTM D638 using a Hounsfield H10KS 
tensometer fitted with a 10 kN load cell.  The ambient temperature was 23 °C (± 1 °C); this was 
measured using a thermocouple temperature probe situated close to the tensometer.  Cross head 
speed was 50 mm min-1.  Low strains were measured using an LVDT (the Hounsfield 100s 
extensometer) and higher strains measured using the integrated 100 R extensometer.  Gauge 
length was 50 mm.  The specimens were clamped using manually tightened grips.  Before testing, 
the sample dimensions were measured to the nearest 0.1 mm using a digital calliper.  After 
collection of the data, the raw load - deflection data points were exported to MS Excel for further 
processing.  
 
4.6.1.1 Determination of tensile parameters from the raw data  
The tensile modulus and stress at yield values were calculated using the Hounsfield Q-Mat 
software as part of the test routine selected.  Modulus values generated by the Q-Mat software 
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were checked via linear regression of the raw data and values were found to be similar to those 
generated by the software. 8 replicate tensile samples of each material were measured; a 
maximum of three outlier results were removed for each parameter to give the five closest 
values. Averages and standard deviations were calculated using the five closest values obtained 
for each material. It is appreciated that, in a selection of graphs from the results and discussion 
section of this report the standard deviation error bars are small relative to the size of the data 
point marker, giving the impression that they are absent. However, standard deviation was 
calculated throughout this study. Therefore, this data is tabulated within the Appendix Section 3 
for selected plots; the relevant table number is provided in the Results and Discussion Sections. 
 
4.6.2 Flexural testing 
Flexural testing (in three point bend mode according to ATSM D790) was carried out to 10 mm 
deflection using a Hounsfield H10KS tensometer fitted with a 1 kN load cell. The ambient 
temperature was 23 °C (± 1 °C); this was measured using a thermocouple temperature probe 
situated close to the tensometer.  The span between the sample supports was 64 mm, crosshead 
speed was 5 mm min-1 and a 0.05 N preload was applied before collecting data.  Force and 
crosshead displacement were recorded up to failure and the crosshead auto-returned to the start 
position.  
 
4.6.2.1 Determination of flexural parameters from the raw data 
The raw load deflection data from the three point bend tests was first converted in to stress (in 
outer fibre) versus strain (in outer fibre) data using equations 17 and 18 respectively. Calculations 
were performed using MS Excel. The parameters determined from flexural stress-strain data were 
the secant modulus at 1 % strain (Esf(1%)), the flexural modulus (Ef) and the flexural stress at 10 mm 
deflection, yield or break (Eσ). 
 
  𝜎𝑓 =  
3𝑃𝐿
2𝑏𝑑2
                                                                             Equation 17. 
Where: 
σf = Stress in outer fibre at mid-span  
P = Load at a given point on the load deflection curve  
d = Depth of tested beam  
b = Width of tested beam  
L = Support span   
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𝜀𝑓 =  
6𝐷𝑑
𝐿2
                                                                             Equation 18. 
Where: 
εf = Strain in the outer surface  
d = Depth of tested beam  
D = Maximum deflection of the centre of the beam  
L = Support span  
 
The load-deflection curves for semi crystalline polymers above Tg (particularly when filled) are 
non-linear, even at low strains. The strain at the onset of deviation from linearity generally 
decreases with increasing filler content. In unfilled polymers non-linearity arises due to 
viscoelastic effects which are significant at the relatively low strain rates encountered in polymer 
testing. In composites the deviation from linearity can be related to filler-matrix de-bonding. The 
secant modulus at 1 % strain (a deliberately high value; well in to non-linearity for some of the 
filled samples) has been determined as a qualitative measure of filler-matrix de-bonding; when 
compared with the flexural modulus obtained at close to zero strain it is the best estimate of the 
true stiffness of the composite. The difference between the Esf(1%) and Ef values can provide some 
insight in to the linearity of the stress-strain data.  If Esf(1%) is slightly less than, or equal to, Ef it can 
be concluded that the stress-strain data is sensibly linear up to 1 % outer fibre strain.  In the case 
of composites such linearity can be an indicator of good filler-matrix interaction. However, if Esf(1%) 
is less than Ef, damage (i.e. filler-matrix debonding) to the composite is indicated. The secant 
modulus at 1% strain (Figure 14) was calculated using Equation 19.  Whilst it was appreciated that 
the Hounsfield H10K tensometer did not record data up to the pre-load, the preload applied was 
very small (0.05 N) and the data obtained from 0 to 0.05 N was insignificant, even for the least 
stiff samples (i.e. the unfilled matrix materials). The pre-load was applied in order to ensure data 
was recorded at zero deflection, rather than at some random point along the x-axis that 
corresponded to application of the load. 
 
Secant Modulus =  
σx%ε –σ0%ε
x%ε 
           Equation 19. 
Where: 
 σx%ε= Stress value at chosen % strain  
 σ0ε= Stress value at zero strain/after toe elimination 
 x%ε = Chosen % strain value  
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Figure 14. The difference between flexural modulus and secant modulus at chosen strain. 
 
The flexural modulus was calculated from linear regression of the first 10 stress versus strain data 
points which showed the highest rate of change. The latter was checked by plotting the first 200 
data points and checking the region of maximum slope; this usually occurred from the first 
recorded data point thanks to inclusion of a pre-load in the method.  However, there were cases 
where the sample was very slightly twisted and small amount of force was required to flatten the 
sample on its supports. In such cases, the maximum rate of increase in stress was some distance 
from the first recorded data point and an appropriate compensation was made. The flexural 
stress at 10 mm deflection was calculated by Hounsfield’s QMAT tensometer software. 8 replicate 
flexural samples of each material were measured; a maximum of three outlier results were 
removed for the secant modulus at 1 % strain , flexural modulus and flexural stress at 10mm 
deflection to give the five closest values of each parameter. Averages and standard deviations 
were calculated using the five closest values obtained for each material.  
 
4.6.3 High temperature flexural testing of PE/fly-ash composites  
Flexural testing to 10 mm deflection (in three point bend mode) at 85, 100, and 115 oC was 
carried out in accordance with ATSM D790 using a Hounsfield HTE50 tensometer fitted with a 50 
kN load cell and a heat chamber containing a 3 point bend test rig. The heat chamber 
temperature was controlled via the tensometers computer. The span between the sample 
supports was 64 mm, crosshead speed was 5 mm min-1 and a 0.05 N preload was applied before 
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collecting data.  Force and crosshead displacement were recorded up to failure and the crosshead 
auto-returned to the start position.  
 
4.6.3.1 Determination of flexural parameters from the raw data 
The flexural modulus was calculated by Hounsfield’s QMAT tensometer software. Section 4.6.2.1 
describes the procedure to determine the flexural stress at 10 mm deflection for the PE/fly-ash 
composite materials. 
 
4.6.4. Poisson’s ratio testing of PE/fly-ash composites 
Poisson’s ratio determination of the PE/fly-ash composite safety step materials was carried out 
using the advanced video extensometer at the National Composites Certification and Evaluation 
Facility (NCCEF) within the University of Manchester. 5 tensile test pieces were cut from PE/fly-
ash composite plaques via an OMAX water jet cutter, using the built in CAD package within the 
control system of the machine (Section 4.5.1).  Sample dimensions were programmed to be 195 x 
35 x 3.5 mm with a gauge section of 80 x 25 mm. The thickness varied between 3-4 mm 
(depending upon filler content). Specimens were dried in a Carbolite electric oven at 50 oC for 3 
hours to evaporate any water potentially absorbed by the composite during the water jet cutting 
process. Individual specimens were measured to the nearest 0.001 mm before testing. Tensile 
testing to failure was carried out in accordance with ASTM D638-10 using an Instron 5982 
tensometer fitted with a 100 kN load cell. The specimens were held using hydraulic grips. Cross 
head speed was 5 mm min-1.  Axial and transverse strains were measured using an Instron AVE 
2663-821 video extensometer at 10 samples per second. The system was controlled using 
Instron’s Bluehill software. Test pieces were marked on the centre of their gauge lengths with a 
permanent pen using both vertical and horizontal dots in the four principal directions. The 
markings provided a reference grid for the video extensometer to measure strain in the axial and 
transverse directions during the test. The ambient temperature was 23 °C (± 1 °C); this was 
measured using a thermocouple temperature probe situated close to the tensometer. After 
collection of the data, the numerical axial and transverse strain data points were exported to MS 
Excel for further processing.  
 
4.6.4.1 Determination of Poisson’s ratio from the raw data  
The transverse and axial strain of the test specimens (to failure) was provided by the tensometers 
integrated computer in % format. Equation 20 was then used to calculate a value of Poisson’s 
ratio at every point of strain (up to the yield point) using MS Excel.  
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ν =  
∆𝑥
∆𝑦
                                                                                  Equation 20. 
Where: 
ν = Poisson’s ratio 
𝛥 x = transverse strain (%) 
𝛥 y = axial strain (%) 
 
 
Figure 15. Poisson’s ratio of MA-g-LLDPE/LMDPE vs. axial strain. 
 
The resulting values of Poisson’s ratio were plotted against axial strain for each material. Figure 15 
displays the latter for three identical MA-g-LLDPE/LMDPE specimens (see Experimental Section 
4.1.1 for details of this grade) and clearly portrays the challenge in measuring the Poisson’s ratio 
of PE. It was found that consistent values of Poisson’s ratio for the PE/fly-ash composite materials 
could not be calculated at the low to medium levels of strain. However, significantly more 
consistent values of Poisson’s ratio were calculated at the higher levels of strain (approaching the 
yield point). The latter observation is counter-intuitive; due to the high-resolution advanced video 
extensometer, it was thought that consistent values of Poisson’s ratio would be found at the 
lower levels of strain. From observation of the data, it was seen that all the PE/fly-ash composites 
were providing consistent values of Poisson’s ratio at approximately 10 % axial strain, except for 
the 50 % wt. fly-ash/PE composite which provided consistent values of Poisson’s ratio at 
approximately 5 % strain. Due to the strong consistency in behaviour between the tensile 
specimens of each PE/fly-ash composite material tested, it was decided to calculate an average 
axial and transverse % strain response up to the yield point for the latter materials. An average 
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Poisson’s ratio was then calculated using the first 100 average transverse and axial % strain values 
after 5 % average axial strain for 50 % wt. fly-ash PE/composites and 10 % average axial strain for 
the remaining PE/fly-ash blends. Standard deviations were also calculated. The latter effectively 
resulted in a value of Poisson’s ratio close to or at the yield point, rather than within the elastic 
region. 
 
4.6.5 Charpy impact testing of PE/fly-ash composites  
8 samples were tested using a Zwick model 5102 non-instrumented swinging pendulum type 
impact tester.  The span between the sample supports was 40 mm.  For this study the samples 
(nominally 10 x 4 mm in cross section) rested between the supports on their 4 mm side, such that 
the 10 mm wide side was struck by the tup (Figure 16). Care was taken to ensure that only the 
external moulding surface (mould side) of the specimen was facing the tup. This unconventional 
loading mode was used in order to more closely replicate the loading scenario of rotomoulded 
part in the field; when the mould side (external surface) of a rotomoulded part is loaded in 
compression, the air side (inner surface) undergoes tension. Un-notched Charpy impact samples 
were measured to the nearest 0.1 mm using a digital calliper. The most appropriate tup (0.5 J, 1 J, 
2 J or 4 J) was selected using a spare test piece. The average free swing energy (Efree) of the 
selected tup was calculated from 8 free swings.  All samples were then impact tested and the 
impact strength was calculated using Equation 21 (the figure of 1000 appears in the denominator, 
as a factor of 1/1000 will convert J m-2 to kJ m-2). 
 
Impact energy absorbed =
Ei–Ef
1000(b∗d)
          Equation 21. 
Where: 
Ei= Impact Energy (J) 
Ef= Free Swing Energy (J) 
b= breadth (m) 
d= depth (m)  
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Figure 16. Charpy impact test setup (plan view). 
 
4.6.6 Compression testing of rotomoulded safety steps    
Compression tests on all unfilled PE and PE/fly-ash safety steps were conducted using a 
Hounsfield HK50S tensometer fitted with a 50 kN load cell. Crosshead speed was 1 mm min-1. The 
ambient temperature was 23 °C (± 1 °C); this was measured using a thermocouple temperature 
probe situated close to the tensometer. A total load of 600 N was applied on the top centre of all 
the safety steps by a 75 mm Ø, 25 mm thick compression platen through a 100 mm Ø, 6 mm thick 
aluminium disc (Figure 17). Force and crosshead displacement were recorded up to the 600 N and 
the crosshead auto-returned to the start position.  The real time stress-strain curve generated by 
the tensometers integrated computer revealed that the 600 N load was well below the yield 
stress of the materials. However, replicates of all the PE/fly-ash composite safety steps were 
further compression tested to a maximum of load 5.5 kN using the same test procedure; this 
exceptionally high load is nearly double that of the maximum load rating of 2.6 kN specified in the 
British Standard for the testing of safety stools (BS EN 14183:2003 E). The latter load was 
purposely selected in an effort to record the compression response of the PE/fly-ash safety steps 
beyond the yield point of the material for comparison with non-linear FEA. 
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Figure 17.  Safety step compression test set up. Dial test indicators (DTI’s) were installed on 
opposing sides of the safety steps for sidewall deflection measurements. 
 
Prior to compression testing of the safety steps, a static linear-elastic FE model using a CAD file of 
the step (in “.IGES” format) was set up within SOLIDWORKS Simulation. The aim was to identify 
locations of maximum sidewall deflection due to the safety steps geometry. Therefore, specific 
material properties were not required. However, standard material properties for low density PE 
available within SOLIDWORKS Simulation were applied; 172 MPa tensile modulus, 13.27 MPa 
tensile yield strength and a Poisson’s ratio of 0.439. FEA predicted the maximum deflection of 
both sidewalls of the safety step to occur approximately 50 mm down from the top centre of the 
sidewalls. Consequently, two Mitutoyo dial test indicators (DTI’s) were installed at these predicted 
locations of maximum sidewall deflection for the safety steps (Figure 17). Sidewall deflections 
during the actual test were measured at 20 N intervals. One hour after the test, the permanent 
deflection of both sidewalls was also measured. 
 
4.6.7 Tensile testing of safety step materials 
Straight surfaces were cut out from the side walls of the safety steps using a Baileigh industrial 
model BSV16 band saw. Tensile test pieces (Figure 18) were cut from these surfaces via an OMAX 
water jet cutter using the CAD package built into the control system of the machine (see Section 
2.5.2,). Samples were tensile tested to failure in accordance to the same procedure described in 
Sections 4.6.1 and 4.6.1.1. However, six replicate test pieces of each material were measured. A 
maximum of two outlier results were removed to give the four most representative values in 
order to generate averages and standard deviations. 
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Figure 18. ASTM D638 tensile test pieces cut from flat sides of the safety steps. 
                                       
4.6.8 Compression testing of safety step materials  
Straight surfaces were cut out from the sidewalls of the safety steps using a Baileigh industrial 
model BSV16 band saw. Compression test pieces were cut from these surfaces via an OMAX 
water jet cutter, using the built in CAD package within the control system of the machine.  The 
test pieces were 7 mm thick and 13 mm wide with two specimens at 15, 20, 25, 30 and 35 mm 
height. The samples were squared off at 90o on the top and bottom surfaces using a Proto-Trax 
model SMX3500 milling machine to ensure the top and bottom circular loading platen surfaces 
were flush with the top and bottom surfaces of the compression test pieces. Specimens were 
compression tested using a Hounsfield HK10S tensometer fitted with a 10 kN load cell (Figure 19). 
Both circular compression platens were 75 mm Ø and 25 mm thick. A crosshead speed of 1 mm 
min-1 was used. To ensure the samples remained upright during testing, two samples of the same 
height were stuck together using double-sided tape (Figure 20). The double-sided tape joined the 
samples with little constraint. A Maplin model N43HH USB digital microscope was focused upon 
the tape-adhered joint between both of the identical test pieces to more closely identify 
premature buckling during the test. The resulting compressive load-deflection data was exported 
to MS Excel by Hounsfield’s QMAT tensometer software for conversion to stress-strain using 
Equations 22 and 23. The consequent compressive stress-strain curves were added to tensile 
stress-strain curves of equivalent materials.  
 
𝜎 =  
𝐹
𝐴
              Equation 22. 
Where:     
 σ = Stress (MPa) 
 F = Force (N) 
 A = Area (mm2)  
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                  𝜖 =  
∆𝑙
𝑙𝑜
                                                                                   Equation 23. 
Where: 
 ε = Strain (no units) 
 lo = original length (mm) 
𝛥l = change in length (mm) 
 
.   
Figure 19.   Safety step material compression test. 
 
The range in height of the compression test pieces was purposefully selected in order to observe 
an optimal height to thickness ratio; if the ratio of height to thickness was too low (i.e. the test 
piece was short and stubby), it would result in decreasing deflection with the increase in force.  
However, if the ratio of height to thickness was too high (i.e. the sample was tall and slim) then 
the likelihood of premature failure due to buckling increases. 
 
 
Figure 20. Two sets of compression test samples enjoined by double-sided tape, left 20 mm 
height, right 30 mm height. 
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4.6.8.1 Removal of machine compliance error 
Movement of internal components (such as the crosshead bearings) within the tensometer can 
constitute significant error during testing.  In order to identify and remove this error for the small 
scale compression tests (referred to as the machine compliance error), the same test equipment 
and procedures described in Section 4.6.8 were applied. However, no test specimen was used; the 
top platen was effectively compressed against the bottom platen and numerical force-deflection 
data was obtained from the integrated PC. The resulting force deflection data was plotted on an 
x-y scatter graph using MS Excel and 400 data points (out of 1000 in total) were taken after the 
initial toe of the force-deflection curve. After selecting these 400 data points (Figure 21), the 
corresponding x-data points were substituted by y-data points and vice versa (Figure 22), then 
plotted in MS Excel and a linear equation command was applied, giving an equation in the form 
of: 
 
 𝑦 = 𝑚𝑥 + 𝑐.                                                                       Equation 24. 
Where: 
m = gradient of the slope 
c = the y-axis intercept 
 
 
Figure 21. Hounsfield H10KS tensometer compression compliance curve. The red area indicates 
the section of the curve selected (400 data points). 
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Figure 22.  Inverse of Hounsfield HK10S compression compliance curve (x-data points substituted 
by y-data points and vice versa).  
 
 
Figure 23. Hounsfield HK10S compression compliance curve with toe eliminated and machine 
compliance error accounted for. 
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The ‘c’ term in Equation 24 denotes where the line intercepts the y-axis (i.e. the deflection axis). 
In the case of Figure 22, the line crosses the y-axis at 0.1771 mm. Therefore, this value of 0.1771 
was subtracted from the original deflection curve values to eliminate the toe. Furthermore, the 
value of 0.00005 displayed in Figure 22 is the gradient of the machine compliance error. The load-
deflection curves from compression tests were altered to include the machine compliance error 
gradient by modifying their deflection values; this was done via subtracting the deflection values 
from corresponding force values and multiplying the result by 0.00005. The result was effectively 
a curve with the toe eliminated and the machine compliance gradient error accounted for (Figure 
23). This error gradient was then incorporated into compressive stress-strain calculations of the 
safety step materials for better accuracy. 
 
4.7 Surface Image Analysis of Rotomoulded PE/Fly-Ash Rectangular Box Test Mouldings 
 
Small PE/fly-ash composite rectangular box test mouldings were rotomoulded using a Roto-Lab 
model Roto-Sampler machine (Section 4.5.4). Small pinholes were observed on the external 
surfaces of the PE/fly-ash test box mouldings. Therefore, flat sides of the rectangular box test 
mouldings were cut out using a Baileigh Industrial model BSV16 band saw for image analysis. The 
resulting specimens were mounted on a Griffin and George scissor jack platform. A Nikon model 
D3100 DSLR camera, fitted with a Nikon model DX AF-S 35 mm 1:1.8G lens, Yongnuo model MR85 
LED macro-ring flash and Yongnuo model RF603N radio trigger, was mounted on a SLIK model 
U8000 tripod at 90o perpendicular to the external surface of the rectangular box moulding 
specimens (Figure 24).  
 
 
Figure 24. Apparatus used for surface porosity imaging of bench scale PE/fly-ash mouldings (front 
view). 
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A generic model MCDC2 remote trigger was used to capture images of the mouldings for surface 
porosity analysis using “ImageJ” analysis software. The following step-by-step procedure was 
followed: 
 
1. All images were cropped in Windows 2010 photo viewer to remove all unwanted 
background items before analysis. 
2. An image was opened for analysis within ImageJ software, noting the aspect ratio in 
pixels. 
3. A straight line was drawn on the image and a pixel/mm calibration was set, using a known 
scale within the image (in this case, the scissor jacks platforms surface area was 150 mm x 
150 mm). 
4. The image was sharpened and a threshold was applied to highlight the areas of interest 
(i.e. porous holes). 
5. A duplicate image of the thresholded image was then created and a Gaussian blur filter 
technique was applied using a large value for blur radius (relative to the porous hole radii 
in the image). 
6. The original image was then subtracted from the Gaussian-blurred image, resulting in an 
image that highlight the porous hole outlines in black. A suitable porous hole diameter 
detection range was then specified and the resulting porous holes were measured by 
ImageJ. 
7. Numerical data for the porous hole count and diameter were provided by ImageJ and 
saved to MS Excel for post-processing (Figure 25). 
 
 
Figure 25.  ‘Image J’ surface porosity image processing and analysis results. 
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4.8 Scanning Electron Microscopy and Energy Dispersive X-ray Analysis 
 
Scanning electron microscopy (SEM) permits the observation and characterisation of various 
heterogeneous organic and inorganic materials on a micrometer (μm) to nanometer (ηm) scale 
[213], typically producing images at magnifications of up to 106x [214]. During SEM, an area or 
volume of a sample is irradiated with a precisely focused electron beam that can be swept in a 
raster fashion to image an entire sample or statically focused to image a specific point on a 
sample. Various signals such as secondary electrons, backscattered electrons and x-rays are 
emitted from atoms in the sample upon interaction with the electron beam [215]. These signals are 
used to analyse various characteristics of the sample such as surface topography and elemental 
composition. With regards to surface imaging, the signals of most interest are the secondary and 
backscattered electrons as they are emitted due to differences in the surface topography of the 
sample [216].  
 
With regards to elemental composition, the signals of most interest are x-ray emissions; the 
atoms in a sample have a unique a set of peaks on the x-ray emission spectrum [217]. Upon 
excitation of an atom by an external source of charged particles (i.e. an electron or proton beam) 
an electron from a low-energy inner shell is ejected, prompting an electron replacement from a 
high-energy outer shell. The difference in energy between the inner and outer shells of the atom 
is released in the form of x-rays [218]. The number and energy of x-rays are detected by an energy 
dispersive spectrometer integrated with the SEM.  X-ray emissions are a product of the difference 
in energy between the two shells and the atomic structure of the elements in the sample [219]. 
Therefore, the elemental composition of a sample can be identified from x-ray emissions. The 
latter process is called energy dispersive x-ray (EDX) analysis.  
 
SEM was used to image the filler particles and fracture surfaces of tensile test specimens. EDX 
analysis was used to determine the elemental composition of the fillers. The latter was achieved 
by a Jeol model JSM 5600 SEM fitted with an Oxford instruments 7800 series EDX detector.    
 
4.8.1 Sample preparation 
1. A double sided self-adhesive carbon pad was stuck on to the specimen face of a fresh stub 
and the protective film removed, exposing the adhesive surface attached to the stub. 
2. A small amount of the filler sample was sprinkled on to the pad and the excess removed 
with a jet of compressed air. 
3. The sample was then sputter coated with gold to render its surfaces electrically 
conductive and reduce the tendency to charge. 
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4.8.2 Scanning electron microscope and energy dispersive x-ray operating conditions 
For the filler particle surface imaging, the SEM was run at an accelerating voltage of 15 kV, using 
the secondary electron detector. Digital images of each specimen were acquired at a range of 
magnifications. Care was taken to ensure that the image was representative of the sample. EDX 
was carried out using spot analysis with an accelerating voltage of 15 kV, the spot size was 
adjusted to provide an acceptable detector dead time in the region of approximately 30 %. The 
levels of all the elements detected were recorded. To ensure that the data was representative, 
three replicate areas were examined and the data averaged. 
 
4.9 Differential Scanning Calorimetry  
 
Differential scanning calorimetry (DSC) was conducted to investigate the effect of blending 
method and filler addition on the melting, crystallisation and re-melting of the PE based matrix 
materials developed for this PhD study. DSC is defined by Höhne et al. as a method of measuring 
the change of the difference in heat flow rate to a sample and a reference sample during a 
controlled temperature program [220]. It is a method of measuring the thermal transitions of a 
material. In principle, DSC converts a temperature difference to an energy per unit mass value 
associated with a phase transition of a material (e.g. the energy per unit mass required to melt a 
solid material to a liquid) [221]. DSC is widely applied to polymeric materials to analyse their 
microstructural properties. The melting temperature (Tm) of polymers is dependent upon their 
molecular composition, molecular structure and thermal history. Consequently, the percentage 
crystallinity of a polymer can be estimated using the melting and crystallisation energy-
temperature peaks from a DSC thermogramme alongside reference heats of fusion found in 
literature [222] (refer to Appendix Section 4 for typical DSC thermogramme traces). The melting 
point (Tm) of a polymer is defined by the peak of its energy-temperature curve. The heat of fusion 
of a polymer is the area under the energy-temperature peak from the beginning to the end of the 
baseline. The crystallinity of the polymer can then be calculated by dividing the measured heat of 
fusion by the heat of fusion for an equivalent 100 % crystalline polymer [223] (see Equation 25). 
 
The DSC instrument used for this study was a Perkin-Elmer DSC-7, a power compensation type 
instrument. The following heat – hold – cool – heat cycle was used: 
 
 Heat from 20 °C to 240 °C at 20 °C min-1  
 Hold at 240 °C for 5 minutes 
 Cool from 240 °C to 20 oC at 20 °C min-1 
 Hold at 20 °C for 2 minutes 
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 Heat from 20 °C to 240 °C at 20 °C min-1  
 
Samples were heated in a nitrogen atmosphere (flow rate 30 cm3 min-1). The following 
parameters were recorded during DSC: 
 
1st Heat (for determination of the specimens melting characteristics in its as-moulded component) 
 
 Onset of melting temperature  
 Peak melting temperature 
 Melting temperature range 
 Heat of fusion (for calculation of crystalline content. The samples were held at 240 oC for 
five minutes to ensure complete melting and total eradication of previous thermal 
history) 
 
Cool from melt (to provide controlled crystallisation) 
 
 Onset of crystallisation temperature 
 Crystallisation exotherm peak temperature 
 Crystallisation temperature range 
 Heat of crystallisation (for calculation of crystalline content obtained during controlled 
crystallisation) 
 
2nd Heat (to examine the melting of crystal structures formed as a result of controlled 
crystallisation) 
 
 The same parameters as recorded during the 1st heat were recorded 
 
Sample mass was typically between 4 and 10 mg. Samples were crimped in to aluminium pans 
and the DSC head was purged with nitrogen (flow rate 50 cm3 min-1). The crystalline content of 
unfilled PE materials was determined using Equation 25. For PE/filler composites, crystallinity 
content was also calculated using Equation 25. However, Equation 26 was used to calculate 𝛥Hf 
for input into Equation 25.  
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Crystallinity (%) =
∆𝐻𝑓
∆𝐻𝑓0
  × 100                        Equation 25. 
Where: 
𝛥Hf = Heat of fusion (J g-1) 
𝛥Hfo = Heat of fusion for 100 % crystalline PE (277 J g-1) [224] 
 
∆𝐻𝑓 =
𝐴
𝑀(1−𝑉𝑓)
                                                            Equation 26. 
Where:  
𝛥Hf = Heat of fusion (J g-1) 
A = Area of the Energy-Temperature Peak (mJ) 
 M = Mass of the sample 
 Vf = Volume Fraction of filler 
 
4.10 Finite Element Analysis of the Rotomoulded Safety Steps Sidewall Deflection  
 
SOLIDWORKS 2013 was the software selected for FEA investigations due to its highly intuitive user 
interface and extensive suite of CAD tools integrated with virtual prototyping applications such as 
FEA (known as SOLIDWORKS Simulation). Forces, pressures, accelerations and temperatures 
applied on one structure or between multiple structures can be solved via SOLIDWORKS 
Simulation. Furthermore, data obtained from thermal or fluid-flow studies can be implemented 
for multi-physics analyses. SOLIDWORKS Simulation has an extensive database of properties for a 
variety of materials including polymers, metals and ceramics integrated within the software. 
However, the option to implement materials data from physical testing is also available. 
Moreover, in the case of model failure SOLIDWORKS Simulation guides the user with a failure 
diagnostics tool to locate and resolve problems with meshing, boundary conditions or analysis 
options. Currently, many computer software packages such as HyperWorks, COMSOL and ANSYS 
are available for the FEA of stresses. Although the latter software may differ somewhat in 
capability, the vast majority of FEA software can trace their underlying mathematics to the 1960’s 
[225] when NASA were developing the first commercial FEA computer software package 
(NASTRAN). Due to its well-integrated CAD/FEA capability and the relatively simple loading 
scenario of the rotomoulded safety steps, SOLIDWORKS Simulation 2013 was selected for FEA 
investigations. 
In principle, SOLIDWORKS Simulation splits a 2D or 3D geometry into a vast array of nodes. Lines 
connecting these nodal points small create an overall mesh of tetrahedron elements (for 3D 
geometries), triangle elements (for 2D geometries) or beam elements. SOLIDWORKS Simulation 
then uses the displacement formulae of the finite element method (FEM) to solve for stress and 
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strain at every nodal point and element and provide a total solution for the entire geometry 
(Literature Review Section 3.4). Solutions are calculated either directly (with the entire load 
applied at one instance) or iteratively.  
 
4.10.1 Finite element model development  
In order to use the FEA application within SOLIDWORKS Simulation, a CAD file of the safety step 
(in “.IGES” format) was uploaded into the software. A simulation tab within the user interface was 
then selected, prompting a pop-up window offering FEA options (Figure 26). Primarily, static 
linear-elastic and non-linear FE analyses were selected for comparison with physical test 
measurement of the PE/fly-ash safety steps sidewall deflection. Overall, static linear-elastic 
analyses required values of tensile modulus, density, tensile stress at yield and Poisson’s ratio 
(Figure 27).  
 
 
Figure 26. SOLIDWORKS Simulation toolbar options.  
 
 
 
Figure 27. A pop-up window within SOLIDWORKS Simulation to apply material properties to the 
3D safety steps geometry. 
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Non-linear analyses required a Poisson’s ratio value and a full numerical tensile stress-strain curve 
(Figure 28). The latter numerical material properties required for both static linear-elastic and 
non-linear FE analyses were calculated from physical testing of the rotomoulded PE/fly-ash safety 
step materials. Static linear-elastic analysis offered potentially quicker solution times relative to 
non-linear FEA at the expense of highly idealising the model; such models assume the material is 
linear and the structure returns to its original shape when the load is removed. For static linear-
elastic analysis, a factor of safety is a common design goal as it is difficult (thus uncommon) to 
model the mechanical response of a structure beyond the yield point of its material.  Non-linear 
FEA was selected due to the non-linear stress-strain relationship of PE; non-linear FEA uses full 
tensile stress-strain curves from physical testing for application in an iterative type solver to 
provide solutions more closely linked to the real stress-strain response of the material (see 
Literature Review Section 3.4.4.2). Therefore, non-linear FEA was anticipated to provide more 
accuracy at the expense of longer solution times, due to the larger amount of input data required.  
 
 
Figure 28. A pop-up window within SOLIDWORKS Simulation to specify a stress-strain curve for 
the safety step materials. 
 
After specifying the analysis type and material properties, the loads and constraints of the FE 
model were defined by highlighting faces or edges of the 3D safety step geometry (Figure 29) and 
specifying the magnitude and direction of the load using the toolbar in Figure 30.  A 5.5 kN force 
(or 4.6 kN for the 50 % wt. fly-ash/PE composite safety step, see Results and Discussion Section 
5.12.2) was applied through a 0.0314 m2 area (100 mm diameter disc) on the top centre surface 
of the step in order to replicate the physical test scenario. Ground contacts of the safety step (the 
feet) were secured using stabilising springs (to contain, rather than eliminate, slight movements 
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during loading) and the effect due to gravity was accounted for. During actual compression tests 
of the safety steps, the maximum deflection of the compression platen (or crosshead) at 5.5 kN 
varied depending on the PE/fly-ash composite material used. Therefore, a displacement was also 
applied on the top centre surface of all safety step FE models (instead of a load) according to the 
maximum crosshead displacement of each PE/fly-ash safety step recorded from physical testing. 
The latter was conducted to gauge the effect of applying a displacement instead of a load on FEA 
results. 
 
Figure 29. 3D geometry of safety step with loads, constraints and mesh applied within 
SOLIDWORKS. The geometry was cut in half lengthways along its line of symmetry to simplify the 
model. 
 
 
Figure 30. SOLIDWORKS Simulation toolbar displaying a list of parameters for application or 
observation. 
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4.10.2 Finite element model simplification and refinement  
To simplify the safety step FE model, the 3D step geometry was cut in half lengthways along its 
line of symmetry (Figure 29). Therefore, the area and magnitude of the applied force was also 
halved. The line of symmetry allowed the software to calculate stress-strain in half of the 
geometry and replicate the results for the remaining half, reducing simulation time considerably 
(as the geometry is symmetrical). With the essential details defined (geometry, loads, constraints 
and material properties), a coarse mesh size was selected for initial FEA simulations (Figure 31). 
 
 
Figure 31. A popup window to vary element mesh density between coarse (larger elements) and 
fine (smaller elements). The element size generated are dependent upon the geometry. 
 
To refine the static-linear elastic FE models for better accuracy, both P-adaptive and H-adaptive 
mesh refinement methods were applied (Literature Review Section 3.4.5). The seamless 
integration of CAD and FEA is one advantage of using SOLIDWORKS Simulation; the exact 
geometry is well defined, this helps to ensure both the H and P-adaptive mesh refinement 
solutions converge (Figure 32). Convergence occurs when the iterative changes in mesh size (H-
adaptive) or element order (P-adaptive) result in a small change to the solution. The solution 
convergence criterion for H and P-adaptive mesh refinement was 98 % (i.e. the automated 
meshing process stops when the total strain energy change between all the elements is within 2 
%) with a maximum of 5 mesh refinement loops for H-adaptive and 4 mesh refinement loops for 
P-adaptive. A maximum element order of 5 was used for P-adaptive mesh refinement (Figure 33). 
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For the non-linear FE models, the solution criteria was a start time of 0 with an end time of 1 
second and a load-time increment of 0.01 seconds with the large displacement option turned on 
(Figure 34). The iterative calculation method used by SOLIDWORKS Simulation for all non-linear 
FEA was the Newton-Raphson technique. During the meshing process, SOLIDWORKS Simulation 
automatically defined beam or solid elements to the safety steps geometry.  
 
 
Figure 32. H-adaptive solution convergence graph produced by SOLIDWORKS Simulation. 
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Figure 33. A popup window within SOLIDWORKS Simulation software to specify H-adaptive and P-
adaptive mesh refinement options. 
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Figure 34. A popup window within SOLIDWORKS Simulation to specify non-linear FEA solution 
options. 
 
4.10.3 Finite element model analysis 
FEA solutions took approximately 5 minutes for static linear-elastic models and 45 minutes for 
non-linear models using a 32 GB RAM PC. FEA solutions were provided by the software in the 
form of images that use colours to highlight the intensity and magnitude of stress or deflection 
across the safety steps geometry (red is high, blue is low). The sidewall of the safety step was 
highlighted and probed to identify the magnitude of deflection at this location (Figures 35 and 
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36). The resulting data was plotted using MS Excel for comparison with physical test 
measurements of the safety steps sidewall deflection. 
 
 
 
Figure 35. Deformed shape of safety step after application of load within FEA. 
 
Figure 36. Sidewall deflection of safety step highlighted and plotted after FEA. 
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5. Results and Discussion 
 
 
5.1 Summary of Work  
 
Phase 1 of this study focused upon the development of PE/filler composites for the proposed new 
generation of high stiffness rotational moulding materials. The influence of garnet, sand, 
cenosphere and fly-ash particles on the mechanical properties of PE was investigated. The garnet, 
sand and cenosphere particles are larger in size relative to the finer fly-ash particles. Fly-ash and 
cenospheres are an industrial by-product from coal fired power stations; fly-ash is by far the 
major product and cenospheres are a minor product. Energy dispersive X-ray (EDX) spectroscopy 
analysis confirmed the filler particles were free from impurity before application. PE/filler 
composites of various filler content were mixed either by dry blending or melt compounding. The 
resulting blends were then compression moulded or rotomoulded and analysed for mechanical 
response in tensile, flexural and impact modes. In order to promote better interfacial coupling 
between the filler particle surface and PE matrix (filler-matrix interaction), a maleanised PE blend 
consisting of 75 % wt. LMDPE and 25 % wt. MA-g-LLDPE was used for PE/filler composites. 
Development of a stiffer maleanised PE was attempted by blending HDPE with MA-g-LLDPE at 
various concentrations for comparison with equivalent MA-g-LLDPE/LMDPE blends; the results 
indicated a strong relationship between the crystalline content and modulus of PE. Improvements 
in tensile and flexural properties were observed with the addition of the candidate filler particles 
to the maleanised PE system. However, the finer fly-ash particles offered exceptionally good 
enhancements with every increase in filler loading and maleanised PE investigated. Therefore, the 
PE/fly-ash based composite materials were selected for further study.  
 
The 75 % wt. fly-ash/LMDPE displayed improvements in tensile modulus and tensile stress at yield 
with every increase in MA-g-LLDPE loading investigated. The same was true for equivalent HDPE 
based composites except in the case of tensile stress at yield up to 10 % by wt. MA-g-LLDPE 
loading; due to the seemingly better compatibility of LMDPE with the MA-g-LLDPE and the better 
suitability of LMDPE for rotomoulding in terms of cost and processability, it was decided to 
remain with the 25 % wt. MA-g-LLDPE/75 % wt. LMDPE for further investigations. The 
improvements in tensile and flexural properties of the PE/fly-ash composite materials were 
accompanied by reduced impact toughness for the PE/fly-ash composites, particularly at higher 
fly-ash loadings (50 % wt.) where the stiffness enhancement was more prominent. High 
temperature flexural tests revealed the addition of fly-ash to the selected maleanised PE system 
improved the heat distortion behaviour of the resulting injection moulded composites relative to 
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the unfilled matrix. TSE melt blended PE/fly-ash composites were rotomoulded into safety steps 
and compression tested for comparison with unfilled PE safety steps. Tensile tests using 
specimens cut from flat surfaces of the safety steps were also conducted and compared with 
compression moulded equivalents. Only the 50 % wt. fly-ash PE composites offered stiffness 
comparable to that of higher density rotomoulding PE grades. However, pinholes on the surfaces 
of rotomoulded PE/fly-ash box test mouldings were evident with the increase in fly-ash; the latter 
confirmed the challenge in moulding such highly filled PE using the zero-shear RM process. On the 
other hand, it was seen that the variation in wall thickness of the rotomoulded PE safety steps 
decreased with the addition of fly-ash; the increased melt viscosity may have allowed for better 
dispersion of the melt during rotomoulding. 
 
Phase 2 of this study focused upon developing a numerical database of material properties 
required for computer simulation of the compression tests conducted on rotomoulded PE/fly-ash 
composite safety steps. FEA was used to approximate the sidewall deflection of the safety steps 
for comparison with actual sidewall deflection measurements. This exercise also served as a 
method of identifying the numerical material parameters required for FEA of the new high 
stiffness PE/fly-ash composite material; it was found that the tensile modulus, stress at yield, 
Poisson’s ratio and tensile stress-strain response play an influential role in the outcome of FEA. 
Furthermore, the geometry of the structure, mesh quality and boundary conditions of the FE 
model (e.g. loads or constraints) are critical to the accuracy of FEA. With the parameters for FEA 
identified, physical tests were conducted on rotomoulded PE/fly-ash materials and the 
corresponding data was applied within FEA software; the resulting approximations of sidewall 
deflection coincided reasonably well with physical measurements (depending on the analysis 
type, mesh and material data of the FE model), confirming the practical value of the numerical 
material data. However, in some instances significant differences between FEA and the actual 
safety step are probably due to the effect of various complex factors such as the non-linear 
behaviour of PE and the variation in wall thickness of rotomoulded parts. These differences 
between FE model assumptions and physical rotomoulded parts arguably contribute to the 
accuracy of FEA, exemplifying the importance of properly understanding the FEM for 
rotomoulded parts.  
 
During this study, both the tensile and flexural properties of the test materials were determined. 
It was seen that the tensile properties of all PE/filler composites coincided well with the flexural 
properties. In order to rationalise the volume of data discussed in this thesis, it was decided that 
in the majority of cases only the tensile properties of PE/filler composites will be discussed, along 
with a selection of other important data such as MFR and Charpy impact properties. 
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5.2 Characterisation of Materials for Composite Development 
 
5.2.1 Effect of polymer structure 
The principal PE matrix used in this investigation comprised of a blend of MA-g-LLDPE (25 % wt.) 
with LMDPE; the presence of the MA coupling additive warrants the description “maleanised PE”. 
For composites manufactured without the MA-g-LLDPE coupling additive, the matrix comprised of 
a blend of 25 % wt. LLDPE (without MA grafting) with 75 % wt. LMDPE; the latter is described as 
“analogue PE”. MA-g-LLDPE was introduced to improve filler-matrix interaction; the level of MA-g-
LLDPE selected was experimentally determined by the industrial partner for the large particle 
composite application concerned, where the composites were made using a dry blending 
approach. The melt flow rate (MFR) of both the maleanised and non maleanised PE is displayed 
within Table 5 below, both of which the industrial sponsor Rotomotive Ltd. confirmed to be 
suitable for rotomoulding by previous investigation. The difference in MFR between both the 
maleanised and non-maleanised PE grades was negligible, indicating the introduction of maleic 
anhydride to PE (in this instance) has no real impact on the MFR. However, it was appreciated 
that the addition of fly-ash particles to PE does have a negative impact on the MFR (Section 5.8).  
 
Table 5. Melt flow rate of maleanised and analogue PE used in this work. 
 
Melt Flow Rate 
 
Maleanised PE 
Standard 
Deviation 
Analogue PE 
Standard 
Deviation 
dg min-1 3.424 0.025 3.415 0.014 
                          
5.2.2 Dual polyethylene blends 
5.2.2.1 Dry blended formulations 
Dry blending MA-g-LLDPE with HDPE (replacing LMDPE) was conducted in an attempt to further 
improve the mechanical properties of the base PE used for composites in this work. Differential 
Scanning Calorimetry (DSC) data indicated HDPE and LMDPE are inherently of higher crystallinity 
than MA-g-LLDPE (with HDPE having the highest crystalline content). When combined with MA-g-
LLDPE their % crystallinity progressively decreases; these crystalline regions are effectively the 
mechanical reinforcing phases of PE. Figures 37-39 display graphs of results (note that in some 
instances the error bars appear absent as they were smaller than the plot symbols). Tables 
containing standard deviation data for tensile parameters found in this investigation are available 
within the Appendix Section 3. The relevant Appendix table number is provided in the figure 
caption. A compilation of all DSC data is provided in Appendix Section 4. Table 6 identifies the 
various concentrations of HDPE or LMDPE with MA-g-LLDPE; eight replicate samples of each blend 
combination were tested, five of the most consistent values were selected and averaged.  
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Table 6. Combinations of MA-g-LLDPE with HDPE or LMDPE. 
MA-g-LLDPE 
(% wt.) 
LMDPE or HDPE 
(% wt.) 
0 100 
7.5 92.5 
15 85 
25 75 
50 50 
75 25 
100 0 
   
 
Figure 37. Crystalline content of LMDPE or HDPE with the addition of MA-g-LLDPE. 
 
Increasing the level of MA-g-LLDPE in HDPE or LMDPE progressively reduced the tensile 
properties. Evidently, similar progressive decreases in tensile properties were observed when 
LMDPE was dry blended with the maleanised LLDPE. In this case the drop in properties is not as 
steep as observed with the HDPE/maleanised LLDPE blends because LMDPE has properties closer 
to that of the maleanised LLDPE. Figures 37-39 indicate that 100 % LMDPE and HDPE specimens 
have inherently better modulus and yield strength in comparison to equivalent specimens 
compounded with MA-g-LLDPE. HDPE’s superior mechanical performance relative to LMDPE can 
be attributed to its inherently more crystalline structure, confirming the strong relationship 
between the structural formation of polymers and their mechanical properties. The latter results 
indicate that HDPE may be a better matrix than LMDPE, if composite stiffness is the major 
objective.  
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Figure 38. Tensile modulus of HDPE or LMDPE with the addition of MA-g-LLDPE 
(Tables 35 and 36 in the Appendix Section 3 display standard deviations). 
 
Figure 39. Tensile stress at yield of HDPE or LMDPE with the addition of MA-g-LLDPE 
(Tables 35 and 36 in the Appendix Section 3 display standard deviations) 
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5.2.2.2 Twin screw extrusion compounded formulations 
It was suggested to melt blend (instead of dry blending) HDPE with MA-g-LLDPE, mould specimens 
and test for mechanical response. The twin screw extrusion (TSE) compounding technique offers 
some excellent benefits: 
 
 Continuous mixing process. 
 Ideal for blending particles of different size fraction (micro/macro mixing). 
 Electro-mechanical control over shear force and temperature, unachievable by two roll 
mill or dry blending. 
 Blends are more homogenous, promoting good dispersion with ease of reproducibility. 
 
TSE compounding is a continuous process where polymer and/or filler are introduced inside the 
bore of a pre-defined space envelope containing two identical co-rotating, co-penetrating, self-
cleaning screws. The surface temperature of the bore and screws are above the melting 
temperature of the polymer used, therefore the polymer and/or filler is continuously melt 
blended under high pressure and temperature (Experimental Section 4.4.3). The resulting viscous 
blend leaves the bore of the extruder at high pressure through a small die, where by the 
extrudate strands pass through a cooling trough containing water to an integrated pelletiser. 
Table 6 displays blend information for this investigation, Figures 40-43 display tensile test results 
against DSC data. 
 
 
Figure 40. Tensile modulus vs. crystallinity content of HDPE compounded with MA-g-LLDPE 
 (Table 37 in the Appendix Section 3 displays standard deviations) 
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Figure 41. Tensile stress at yield vs. crystallinity content of HDPE compounded with MA-g-LLDPE 
(Table 37 in the Appendix Section 3 displays standard deviations). 
 
Figure 42. Crystalline content of HDPE with the addition of MA-g-LLDPE/LMDPE. 
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Figure 43. Peak melting temperature vs. crystallinity of HDPE compounded with MA-g-LLDPE.  
 
The addition of MA-g-LLDPE to HDPE reduced the tensile parameters investigated (Figures 40 and 
41) in comparison to 100 % HDPE. This decrease in mechanical properties is attributed to the rise 
in the level of amorphous (non-crystalline) material in the blend as the amount of MA-g-LLDPE is 
increased. The crystalline content within PE has a profound influence on mechanical properties; 
for example, in HDPE the hydrocarbon chains have a lower degree of branching, this allows the 
chains to pack together more easily into a uniform crystalline structure. MA-g-LLDPE contains a 
larger degree of chain branching therefore making it difficult to pack chains in a uniform fashion, 
giving a lower crystalline content than HDPE (Figure 42). The higher melting point of HDPE also 
indicates that the length of chains involved in a crystal structure is increased due to a very low 
level of branching (Figure 43). Due to the relatively large number of branches in MA-g-LLDPE, the 
amount of chains that can pack into a crystal lattice reduces, leading to reduced crystalline 
content, lamellar thickness and melting temperature. Figures 40-43 confirm the intimate 
relationship between the crystallinity, melting temperature and mechanical properties of PE.   
 
Melt blending HDPE with MA-g-LLDPE offered better performance relative to LMDPE 
compounded with MA-g-LLDPE. However, DSC and mechanical test results on equivalent 
specimens prepared by dry blending and compression moulding revealed that only small 
improvements were evident relative to equivalent melt compounded samples. The crystallinity, 
mechanical properties and melting temperature still decreased in HDPE with increasing levels of 
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MA-g-LLDPE. Although increases in crystallinity were observed with the addition of HDPE 
(replacing LMDPE) to MA-g-LLDPE, it was decided to remain the current 25% wt. MA-g-LLDPE/ 75 
% wt. LMDPE formulation for initial investigations; LMDPE is popular amongst rotomoulders 
because of its good balance between the desired melt flow behaviour and mechanical properties 
 
5.2.3 Key findings from the characterisation of materials for composite development 
For the purpose of clarity, the key findings of this investigation are summarised in the following 
bullet points: 
 
 The difference in MFR between the maleanised and non-maleanised PE grade is 
negligible; the introduction of maleic anhydride to PE (in this instance) has no real impact 
on the MFR. 
 
 HDPE and LMDPE are inherently of higher crystallinity than MA-g-LLDPE (with HDPE 
having the highest crystalline content). When combined with MA-g-LLDPE their % 
crystallinity and tensile properties progressively decreases; these crystalline regions are 
effectively the mechanical reinforcing phases of PE. 
 
 Dry blending LMDPE with the maleanised LLDPE (rather than TSE compounding) 
progressive decreases the tensile properties. In this case the drop in properties is not as 
steep as observed with the HDPE/maleanised LLDPE blends because LMDPE has 
properties closer to that of the maleanised LLDPE. However, only small improvements 
were evident with melt compounded samples, relative to dry blended equivalents. 
 
5.3 Analyses of Selected Candidate Fillers  
 
The sand, garnet and cenosphere particles selected for this study were also used in preliminary 
studies carried out by the industrial sponsor; these fillers were therefore considered as valuable 
references on which to base the current project. The sand and garnet particles are considered 
large by normal (i.e. conventionally melt processed) particulate-filled composite standards. It has 
to be appreciated that the composites under investigation here are formed via rotational 
moulding (RM); this process is unique in that it relies on the inherent self-adhesion and 
coalescence of individual polymer melt particles. Therefore, the addition of fillers should ideally 
have minimal impact on the viscosity of the composite melt. Under such circumstances, large 
particles of low specific surface area and low aspect ratio (i.e. unity-spheroid or cubic) are likely to 
be a sensible choice.  
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The cenospheres were selected due to their low density (they are essentially hollow silica spheres 
filled with air); it was envisaged that highly filled composites of low density could be formed. 
Cenospheres are also a waste product of fossil fuelled electric power generation, use as a filler 
would avoid them going to land fill. Fly ash essentially consists of solid spherical silica particles 
that are an order of magnitude smaller than the sand, garnet and cenospheres. Fly ash has been 
used in previous work conducted by the fillers group at MMU [226]. Fly ash is also a waste product 
of fossil fuel combustion. It was initially considered that fly ash could be used in conjunction with 
cenospheres in an attempt to maximise filler volume fraction in that the small fly ash particles 
would fit in to the interstices between the larger cenospheres. The diversity in shape, size, and 
density between candidate fillers used in this work gives good reasoning behind their selection. 
Specific information regarding filler particle characteristics (size distribution, shape and surface 
elemental content) is discussed within this section. 
 
5.3.1 Imaging of the candidate filler materials 
Scanning Electron Microscope (SEM) imaging was used to analyse the particle size, shape and 
surfaces of the candidate fillers for this work (Figures 44-48). The presence of smaller particles on 
the fly-ash particles surfaces were observed with SEM imaging (Figure 48). Consequently, Energy 
dispersive x-ray (EDX) analysis was used to analyse the elemental composition at the surface of 
the filler particles, the results of which are available within Section 5.3.2. 
 
 
Figure 44. Garnet particles.  
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Figure 45. Sand particles. 
 
 
Figure 46. Cenosphere particles.  
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Figure 47. Fly-ash particles (note the large increase in magnification). 
 
 
Figure 48. Fly-ash particles.  
 
5.3.1.1 Sieve analysis for construction of particle size distribution  
Sieve analysis on the candidate fillers was conducted to assess their particle size distribution 
(PSD). Figures 49 and 50 identify the PSD data obtained by sieve analysis for garnet, sand, 
cenosphere and fly-ash particles. It was observed that the fly-ash particles are under 90 µm in size 
whereas the cenosphere particles (essentially larger size fractions of fly-ash obtained from coal 
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fired power stations) are generally an order of magnitude larger. This coincides well with the 
larger magnifications required for SEM imaging of the fly-ash and cenosphere particles (Figure 46-
48). However, the garnet and sand particles (relative to cenospheres and fly-ash) are larger in size, 
with the majority of garnet particles passing through 150-212 µm sieves.  Conversely, the majority 
of sand particles (which are similar in shape and elemental composition to that of garnet particles, 
(refer to Section 5.3.2) pass through 90-150 µm sieves. These observations coincide with SEM 
images of garnet and sand particles (Figures 44 and 45). Overall, the fly-ash particles are 
considerably smaller than the other candidate fillers and the garnet particles are the largest. 
However, garnet and sand particles are irregular in shape whereas cenospheres and fly-ash are 
spherical.  
 
 
Figure 49. Particles size distribution of fly-ash and cenosphere particles. 
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Figure 50.  Particle size distribution of sand and garnet particles. 
 
5.3.2 Energy dispersive x-ray analysis  
The sand and garnet particles (Figure 51) comprise of the same elements (C, O, Mg, Si, Fe and Al) 
except in the case of Mn and K which are exclusive to garnet and Ca which is exclusive to sand. 
Sand is mainly silicon dioxide (SiO2) and garnet is mainly Fe3Al2Si3O12. However, sand has a 
considerably larger percentage by wt. of its common elements with garnet particles, especially in 
the case of Mg, Si, Al and Fe. Fly-ash and cenospheres (Figure 52) share the common elements C, 
O, Mg, Si, Fe, Al, Ca, Ti and K. Both the fly ash and the cenospheres will differ in elemental 
composition according to the mineral content in the coal from which they originate; the latter will 
obviously vary geographically. Fly ash is sometimes washed before being released as filler grade 
material. The latter is true of the Mintron 7 fly-ash (Experimental Section 4.2) obtained from 
Fiddlers Ferry power station for this study. In recent work submitted for publication, Mintron 7 
has been compared to a fly ash sourced from South Africa. Mintron 7 was found to be the 
superior filler as it interacted strongly and irreversibly with an unsaturated coupling agent and 
thus promoted improved composite mechanical properties to the South African fly-ash [226].  
 
To conclude, the elements identified were unsurprising; candidate filler particle surfaces hosted 
elements which form the very chemical composition of the fillers themselves. However, the 
content of carbon apparent in garnet and sand samples could be from the adhesive tape used to 
stick the particles on the mounting stub before EDX analysis. It is reasonable to expect that fly ash 
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and cenospheres could contain some carbon, bearing in mind that they are the combustion 
residue of coal. 
 
 
Figure 51. Elemental content on the surfaces of garnet and sand particles. 
 
 
Figure 52. Elemental content on the surfaces of fly-ash and cenosphere particles. 
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5.3.3 Density of the candidate filler materials 
Liquid displacement density tests were conducted on all candidate fillers (Experimental Section 
4.3.3); the corresponding results were required for composite design specification (mass, volume, 
stiffness). In the case of the hollow, spherical cenospheres, particle rupture can occur when 
blended with PE, this can be detected via composite density tests; the cenospheres are hollow 
spheres filled with air, if crushed during processing the density of the composite will be higher 
than expected, removing the advantage of conferring low density to the composite. Table 7 
displays results of density tests for each filler candidate. Garnet has the highest density followed 
by sand. Fly-ash particles are effectively small size cenosphere fractions but have a higher density 
than cenospheres; cenospheres are hollow particles filled with air, hence the low density relative 
to fly-ash particles. The selected filler candidates used for this work possess a useful range in 
terms of density, presenting the opportunity to adjust composite density via a combination of two 
or more fillers; this is advantageous if modifying component mass is the major objective.  
 
Table 7. Densities of filler candidates used in this work. 
Density Sand 
Standard 
Deviation 
Cenosphere 
Standard 
Deviation 
Fly-
ash 
Standard 
Deviation 
Garnet 
Standard 
Deviation 
g cm-3 2.67 0.05 0.74 0.07 2.3 0.02 4.08 0.03 
 
5.3.4 Determination of maximum packing fraction 
Determining the maximum packing fraction (MPF) of the candidate filler particles in liquid paraffin 
(Experimental Section 4.3.2) was a quick, accurate method of approximating the maximum 
volume of filler particles that can accommodated by the PE matrix; in some cases, the 
reinforcement of particulate-filled polymer composites can be maximised by incorporating as 
much filler as possible into the polymer matrix.  
 
5.3.4.1 Single filler systems 
Table 8 displays the MPF in liquid paraffin, by mass and volume, of the candidate fillers used for 
this work. The latter data identifies interesting characteristics of the fillers when taking into 
account their individual densities, particle shape and size. Determination of the MPF by volume is 
an informative method of estimating the maximum amount of filler accommodated by the PE 
matrix. Garnet, fly-ash and cenospheres gave essentially similar results; a slightly unexpected 
observation considering that the fly-ash particles are much smaller than the cenosphere, garnet 
and sand particles. Poor dispersion of the particles may have limited the MPF of fly-ash particles. 
Moreover, the smaller fly-ash particles may have agglomerated; this coalescence of particles 
forms irregular shapes of various sizes which increases the volume of interstitial voids between 
particles. 
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Table 8. MPF of the filler candidates. 
Filler Medium 
Mass 
Fraction 
Standard 
Deviation 
Volume 
Fraction 
Standard 
Deviation 
Sand Liquid Paraffin 0.86 0.06 0.67 0.06 
Garnet Liquid Paraffin 0.85 0.03 0.54 0.01 
Cenospheres Liquid Paraffin 0.51 0.02 0.58 0.02 
Fly-ash Liquid Paraffin 0.76 0.01 0.55 0.01 
 
On the other hand, sand particles maintain the largest maximum packing fraction within liquid 
paraffin by volume. The high volumetric packing fraction of sand may be due to the size 
distribution and the angular shape of the sand particles; the angular shape may result in more 
efficient packing. 
 
5.3.4.2 Dual filler systems  
Following initial tests to establish the MPF for the single fillers i.e. cenospheres, sand and garnet 
(Table 8), it was decided combine the latter fillers with fly-ash; the fly-ash particles are an order of 
magnitude smaller. Theoretically, particles with finer fractions could occupy interstitial voids 
between larger particles and increase the MPF for better stiffness enhancement. Furthermore, 
combining two fillers could also allow for fine adjustments to the composites mechanical 
properties (i.e. density or stiffness). Table 9 displays the combinations of sand, cenospheres or 
garnet with fly-ash that were examined.  
 
Table 9. Combinations of sand, garnet or cenospheres with fly-ash particles for MPF tests. 
Sand, Garnet or Cenospheres 
(% wt.) 
Fly-ash 
(% wt.) 
0 100 
7.5 92.5 
15 85 
25 75 
50 50 
75 25 
100 0 
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Figure 53. MPF versus fly-ash to sand ratio. 
 
Sand/fly-ash and garnet/fly-ash combinations in liquid paraffin unexpectedly decreased the MPF 
by volume (Figures 53 and 54). This is probably due to their particle characteristics (shape and 
distribution) preventing finer, spherical fly-ash fractions from penetrating interstitial voids. 
Cenospheres combined with up to 50 % wt. fly-ash resulted in a small improvement outside 
experimental error MPF by volume (Figure 55), implying a degree of interstitial filling had 
occurred. Whilst this increase in MPF is significant in terms of it being outside experimental error, 
the actual level of increase is not significant. However, if no interstitial filling had occurred at all, 
the combination of fly-ash with cenospheres would decrease the value of MPF by volume in a 
linear fashion proportional to the ratio of cenospheres to fly-ash.  
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Figure 54. MPF versus fly-ash to garnet ratio. 
 
Figure 55. MPF versus fly-ash to cenosphere ratio. 
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 The fly-ash particles are under 90 µm in size whereas the cenosphere particles are 
generally an order of magnitude larger. However, the garnet and sand particles (relative 
to cenospheres and fly-ash) are larger in size, with the majority of garnet particles passing 
through 150-212 µm sieves.  Conversely, the majority of sand particles (which are similar 
in shape and elemental composition to that of garnet particles), pass through 90-150 µm 
sieves.  
 
 Garnet and sand particles are irregular in shape whereas cenospheres and fly-ash are 
spherical.  
 
 The sand and garnet particles comprise of the same elements (C, O, Mg, Si, Fe and Al) 
except in the case of Mn and K which are exclusive to garnet and Ca which is exclusive to 
sand. Sand is mainly silicon dioxide (SiO2) and garnet is mainly Fe3Al2Si3O12. However, sand 
has a considerably larger percentage by wt. of its common elements with garnet particles, 
especially in the case of Mg, Si, Al and Fe.  
 
 Fly-ash and cenospheres share the common elements C, O, Mg, Si, Fe, Al, Ca, Ti and K. 
Both the fly ash and the cenospheres will differ in elemental composition according to the 
mineral content in the coal from which they originate; the latter will vary geographically. 
 
 Garnet, fly-ash and cenospheres have essentially similar MPF results; a slightly 
unexpected observation considering that the fly-ash particles are much smaller than the 
cenosphere, garnet and sand particles. Poor dispersion of the particles may have limited 
the MPF of fly-ash particles. Moreover, the smaller fly-ash particles may have 
agglomerated; this coalescence of particles forms irregular shapes of various sizes which 
increases the volume of interstitial voids between particles. 
 
 The sand particles maintain the largest maximum packing fraction within liquid paraffin by 
volume. The high volumetric packing fraction of sand may be due to the size distribution 
and the angular shape of the sand particles; the angular shape may result in more 
efficient packing. 
 
 Sand/fly-ash and garnet/fly-ash combinations in liquid paraffin unexpectedly decreased 
the MPF by volume. This is probably due to their particle characteristics (shape and 
distribution) preventing finer, spherical fly-ash fractions from penetrating interstitial 
voids.  
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 Cenospheres combined with up to 50 % wt. fly-ash resulted in a small improvement 
outside experimental error MPF by volume (Figure 55), implying a degree of interstitial 
filling had occurred. Whilst this increase in MPF is significant in terms of it being outside 
experimental error, the actual level of increase is not significant. 
 
5.4 Comparison of Composite Formation Processes for Large Particle Composites (Dry Blending 
of Pre-Mix versus Two Roll Mill Melt Blending and Moulding) 
 
The initial PE/filler composites were dry blended in the bowl of a Brevel Model SMH2 domestic 
planetary mixer before moulding. Dry blending was the quickest method of mixing materials for 
compression moulding; the relatively short production time for dry blended PE/filler composites 
provided the opportunity to establish firm test protocols quickly. The dry blending approach was 
also successfully used by the industrial sponsor Rotomotive Ltd. for the large particle application 
concerned. Therefore, a database of properties was available to compare with the data found in 
this study. However, it was appreciated that uniform filler particle dispersion quality and sufficient 
matrix-filler interaction may not be achievable via dry blending and compression moulding; 
particle dispersion quality and the strength of filler-matrix interaction have a significant effect on 
the mechanical properties of PE/filler composites. Therefore, a melt blend route was attempted 
using a two roll mill; the latter method offered the following benefits: 
 
 Both rolls are above the melting temperature (Tm) of PE, physically incorporating the filler 
particles by shear within a liquid PE matrix. 
 The separation and relative rotational speed of individual rolls can be varied by the 
operator; this allows the level of shear to be precisely tailored. 
 Better filler-matrix interaction; the filler particle surface is more intimately wetted by a 
sheared polymer melt.  
 
Table 10. Blend details of two roll milled and dry blended composites. 
MA-g-LLDPE/LMDPE 
 (% wt.) 
Filler 
(% wt.) 
100 0 
75 25 
50 50 
40 60 
30 70 
25 75 
20 80 
15 85 
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To assess the effect of blending method on the mechanical properties of PE/filler composites 
(Table 10), the tensile properties of dry blended PE/filler prepared composites were analysed in 
comparison to equivalent two roll mill prepared specimens (Figures 56-59). The dry blended 
PE/cenosphere composites at filler loadings above 60 % wt. were difficult to process thus 
rendering them brittle and unsuitable for testing. A CNC water jet cutter (operating to a tolerance 
of ± 0.1mm) was used to cut flexural and tensile test pieces from composites produced by 
compression moulding at MMU; these composites were prepared by pre-blending the filler and 
PE matrix in the melt state using a two roll mill. However, the test materials produced at 
Rotomotive Ltd. by dry blending the filler with PE and compression moulding were die stamped. 
The die stamping method was reasonable for the unfilled matrix and the more lightly filled 
composites, although as filler content increased it became evident that the edges of the test 
pieces were damaged via this method (manifested as stress whitening). Water jet cutting was a 
superior method for the production of test pieces relative to die stamping; the edges of even the 
highly filled composite test pieces were clean with no stress whitening evident. There is obvious 
potential for the two different test piece preparation methods to confound differences in 
properties between the composites prepared by melt blending and those prepared by dry 
blending. It can nevertheless be said with some confidence that composite stiffness will not be 
affected by the test piece preparation method, as the samples are not stressed to failure during 
such examination. Due to the presence of defects at the edges of the die stamped samples, it is 
reasonable to expect them to fail prematurely. Therefore, it can be argued that the ultimate 
properties (tensile strength and tensile stress at yield) cannot be compared with those composites 
prepared by water jet cutting. Despite this argument it appears that the superiority of dry 
blending for production of composites based on larger particles (particularly garnet and to a lesser 
extent sand) in terms of tensile yield strength is still observable, regardless of the fact the dry 
blended samples were die stamped (Figure 58). 
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Figure 56. Tensile modulus of fly-ash and cenosphere filled PE composites. 
 
Figure 57. Tensile modulus of garnet and sand filled PE composites. 
 
Figures 56 and 57 indicate two roll milled composites offer significant improvements in tensile 
modulus for all candidate fillers investigated. A doubling of tensile modulus is considered to be a 
good result for this study; it is evident that this can be achieved at a filler loading of about 30 % 
vol. Interestingly, all two roll milled PE/filler composites (with the exception of dry blended PE/fly-
ash) increase in modulus with every level of filler investigated. At filler volume fractions less than 
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ca. 29 % vol., the dry blended PE/fly-ash composites show higher tensile modulii relative to melt 
blended equivalents (Figure 56). However, beyond 29 % vol. fly-ash the tensile modulus of the dry 
blended composites decreases. The increased moduli of the dry blended PE/fly ash composites 
may be due to occluded polymer in the interstices of fly ash aggregates. Occluded polymer is 
known to increase the effective volume fraction of the filler as the occluded polymer has 
properties closer to those of the filler rather than the bulk matrix [227, 228]. The decrease in tensile 
modulus may be related to poor wetting of the filler particles by the matrix combined with poor 
dispersion of the filler beyond ca. 29 % vol.; a similar decrease in the tensile modulus of 
polypropylene (PP) composites with the addition of Rattan powder particles was also observed by 
Nurshamila et al. due to poor wetting and dispersion of the filler particles [229].  
 
However, the increases in tensile modulus of the two roll milled composites with increasing filler 
content can be attributed to a better transfer of stress from the flexible PE matrix to the stiffer 
filler particles, as a result of improved matrix-filler adhesion; the shear force element in the two 
roll mill technique mixes the filler particles more effectively, subsequently improving matrix-filler 
adhesion and promoting a tighter packing of particles (filling of interstitial voids) in comparison to 
dry blending. The latter behaviour was also observed by Deepthi et al. [230] in HDPE/cenosphere 
composites blended by TSE compounding; the tensile modulus and strength were seen to 
increase with every filler content investigated. However, the specimens were injection moulded 
under high pressure and temperature. The latter could have also contributed towards the 
improvement in tensile properties. 
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Figure 58. Tensile stress at yield of garnet and sand filled PE composites. 
 
 
Figure 59. Tensile stress at yield of fly-ash and cenosphere filled PE composites. 
 
The decreases in the tensile stress at yield for sand, garnet and cenosphere filled PE composites at 
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matrix-filler adhesion; the PE matrix tore away from the filler surface (de-wetting or de-bonding) 
relatively easily. The dry blended PE/garnet composites decrease in tensile strength with the 
addition of garnet at a slower rate than equivalent melt blended samples. This may be related to 
the increased shear associated with two roll mill mixing, resulting in degradation of the PE matrix. 
The melt blended PE/fly-ash composites show an increase in tensile strength at yield or break 
(whichever occurs first) with the increase in fly-ash addition (Figure 59). This observation is 
consistent with the generation of strong matrix-filler adhesion. Cenospheres did not show the 
same behaviour, even when melt blended with the PE matrix. It is likely that this could be mainly 
due the large size of the cenospheres. The two roll milled cenosphere and fly-ash PE composites 
performed better in comparison to dry blended equivalents and gave better performance relative 
to equivalent sand and garnet PE composites (Figures 56 - 59).  
 
5.4.1 Estimation of tensile modulus and yield stress for filled polyethylene composites  
The increases in tensile modulus of the PE/filler composites (Figures 57-58) with increasing filler 
content is not surprising; the PE matrix ligaments are sandwiched between the filler particles 
which constrains movement of the matrix. Furthermore, thermal contraction of the polymer 
around the filler particles (when the composite is cooled) generates a frictional force between the 
filler particle and the matrix that also constrains movement of the matrix. Constraining the 
movement of the matrix results in a more effective transfer of stress from the matrix to the stiffer 
filler particles. Moreover, in the case of the PE/fly-ash composites, the possible generation of an 
interfacial region between the fly-ash particles and PE matrix (as a consequence of introducing 
MA-g-LLDPE to the composite blend) has probably promoted filler-matrix interaction. Better filler-
matrix interaction may also be responsible for improvements in tensile modulus of the two roll 
milled PE/fly-ash blends. Such factors explaining the improvements in tensile modulus are 
generally due to filler particle size, shape, distribution, volume fraction (Vf) and interaction with 
the polymer matrix. Therefore, Equation 1 from Literature Review Section 3.3.1.1 was used to 
estimate the modulus of the PE/filler composites used in this study. Einstein coefficient (KE) values 
for circular particles (i.e. cenospheres and fly-ash) and angular shaped particles (i.e. garnet and 
sand) were found to be 2.5 and 4 respectively from existing literature [101]. Values of moduli (Ef) 
for the sand, garnet, fly-ash and cenosphere particles were also found from existing literature to 
be 70 GPa [231], 250 GPa [232] and 150 GPa [233]  (for fly-ash and cenospheres) respectively.  
 
It is clear that Equation 1 underestimates the tensile modulus of all the PE/filler composites 
investigated (Figure 60-63). However, Equation 1 does calculate an increase in modulus with the 
increase in filler content up to a limit of approximately 50 % vol. filler. The latter deviation 
between experimentally determined values of tensile modulus and equivalent values determined 
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by Equation 1 are probably due to complex factors unaccounted for by Equation 1. For example, it 
is possible that degradation induced cross-linking of the matrix during processing has occurred; 
increasing the filler content effectively reduces the matrix surface area and increases the shear 
force required during processing. The latter harsh conditions could have supported the 
establishment of cross-links in the matrix. Cross-linking of the matrix may have contributed 
towards the increases in modulus of the PE/filler composites relative to the theoretical modulus 
calculated using Equation 1. Interestingly, degradation induced cross-linking of the matrix could 
also explain the increase in tensile yield stress of analogue (non-maleanised) PE containing the 
two highest fly-ash levels in Figure 79. This can be verified using MFR measurement, or more 
ideally oscillatory viscometry. 
 
 
Figure 60. The actual and estimated tensile modulus of garnet filled PE composites. 
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Figure 61. The actual and estimated tensile modulus of sand filled PE composites. 
 
 
Figure 62. The actual and estimated tensile modulus of cenosphere filled PE composites. 
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Figure 63. The actual and estimated tensile modulus of fly-ash filled PE composites. 
 
The decrease in tensile yield stress of the large particle garnet, sand and cenosphere PE 
composites with increasing filler level is unsurprising; little interaction was observed between the 
latter filler particles and MA-g-LLDPE/LMDPE (Figures 58 and 59). At low filler levels this was 
especially true; the ductile PE matrix withstood the majority of the stress in the composite and 
continued to deform post-yield. However, at higher filler loadings the matrix yielded 
simultaneously with filler-matrix de-bonding and fractured, due to the loss in matrix surface area 
within the composite. The loss in matrix surface area can be calculated by 1 minus the volume 
fraction of filler (1 - Vf) [234]. Therefore, Equation 2 (Literature Review Section 3.3.1.2) was used to 
estimate the yield stress of the two roll mill blended PE/filler composites detailed in Table 10. 
 
Figures 64 - 67 show both the actual and estimated tensile yield stress of the PE/filler composites 
with the increase in filler content. It is apparent that Equation 2 provided a reasonably accurate 
approximation of yield stress for the garnet, sand and cenosphere PE composites at filler levels 
below approximately 35 % vol. At filler levels above 35 % vol. Equation 2 underestimated the yield 
stress of the composite; at higher filler levels the latter PE/filler composites fracture, this switch 
over from ductile behaviour at yield (with the lower levels of filler) to brittle failure (with the high 
levels of filler beyond ca. 35 % vol.) indicates that, even though little or no matrix-filler interaction 
is present, the relatively high volume of filler is providing some modulus enhancement to the 
composite. In the case of the PE/fly-ash composites (Figure 67), Equation 2 severely 
underestimates the tensile yield stress; due to well-established interfacial regions between the 
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fly-ash particles and the MA-g-LLDPE/LMDPE matrix, the PE/fly-ash composites actually increase 
in tensile yield stress, a factor which is unaccounted for in Equation 2. However, It appears that 
Equation 2 provides good approximations of yield stress for relatively low to medium filled 
polymer composites (below 40 % vol.) if little or no matrix-filler interaction is assumed. On the 
other hand, in the case of highly filled composites or filled composites with better matrix-filler 
interaction, the shape, size, dispersion, orientation, yield stress of the filler particles and strength 
of matrix-filler interaction play a more influential role in estimating the yield stress of filled 
polymer composites [235]. 
 
 
Figure 64. The actual and estimated tensile yield stress of garnet filled PE composites. 
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Figure 65. The actual and estimated tensile yield stress of sand filled PE composites  
 
 
Figure 66. The actual and estimated tensile yield stress of cenosphere filled PE composites. 
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Figure 67. The actual and estimated tensile yield stress of fly-ash filled PE composites  
. 
5.4.2 Key findings from the comparison of composite formation processes 
Investigating the effect of various polymer-filler blending methods forms another particularly 
novel aspect of this research in the context of rotational moulding. For the purpose of clarity, the 
key findings of this investigation are summarised in the following bullet points: 
 
 The two roll milled composites offer significant improvements in tensile modulus for all 
candidate fillers investigated. A doubling of tensile modulus is considered to be a good 
result for this study; it is evident that this can be achieved at a filler loading of about 30 % 
vol. Interestingly, all two roll milled PE/filler composites (with the exception of dry 
blended PE/fly-ash) increase in modulus with every level of filler investigated.  
 
 At filler volume fractions less than ca. 29 % vol., the dry blended PE/fly-ash composites 
have higher tensile modulii relative to melt blended equivalents. However, beyond 29 % 
vol. fly-ash the tensile modulus of the dry blended composites decreases; the decrease in 
tensile modulus observed may be related to poor wetting combined with poor dispersion 
of the filler beyond ca. 29 % vol. 
 
 The increases in tensile modulus of the two roll milled composites with increasing filler 
content can be attributed to a better transfer of stress from the flexible PE matrix to the 
stiffer filler particles, as a result of improved matrix-filler adhesion. The shear force 
element in the two roll mill technique could promote better mixing of filler particles, 
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subsequently improving matrix-filler adhesion and promoting a tighter packing of 
particles (filling of interstitial voids) in comparison to dry blending. 
 
 The two roll milled cenosphere and fly-ash PE composites performed better in 
comparison to dry blended equivalents and gave better performance relative to 
equivalent sand and garnet PE composites. 
 
 Equation 1 underestimates the tensile modulus of all the PE/filler composites investigated 
(Figure 60-63). However, Equation 1 does calculate an increase in modulus with the 
increase in filler content up to a limit of approximately 50 % vol. filler. The latter deviation 
between experimentally determined values of tensile modulus and equivalent values 
determined by Equation 1 are probably due to degradation induced cross-linking of the 
matrix during processing. This can be verified using MFR measurement, or more ideally 
oscillatory viscometry. 
 
 Equation 2 provided a reasonably accurate approximation of yield stress for the garnet, 
sand and cenosphere PE composites at filler levels below approximately 35 % vol. At filler 
levels above 35 % vol. Equation 2 underestimated the yield stress of the composite. In the 
case of the PE/fly-ash composites, Equation 2 severely underestimates the tensile yield 
stress due to well-established interfacial regions between the fly-ash particles and the 
MA-g-LLDPE/LMDPE matrix. 
 
5.5 Use of Two Roll Mill Blending for Mixed Large/Small Particle Composites 
 
Previous tests had suggested a small contribution of fly-ash to cenospheres (i.e. 25 % wt. of the 
overall blend, Figure 55) may give a marginal increase in MPF; it was thought the increase in MPF 
may better reinforce the PE matrix. Therefore, it was decided to two roll mill small contributions 
of fly-ash with cenospheres to PE and test for tensile response, ensuring the fly-ash content is 25 
% wt. of the total filler content (Table 11). 
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Table 11. Combinations of fly-ash and cenospheres for addition to PE. 
LMDPE/MA-g-LLDPE  
(% wt.) 
Fly-ash 
(% wt.) 
Cenospheres 
(% wt.) 
100 0 0 
75 6.25 18.75 
50 12.5 37.5 
40 15 45 
30 17.5 52.5 
25 18.75 56.25 
 
 
Figure 68. Tensile modulus of fly-ash and cenosphere PE composites. 
 
Figure 68 portrays that the two-roll milled PE/fly-ash-cenosphere composites have higher values 
of tensile modulus in comparison to PE/cenosphere composites alone (the latter had inferior 
performance with regards to tensile modulus). However, the reduced performance of PE/fly-ash-
cenosphere composites relative to PE/fly-ash composites (which withstood the greatest tensile 
stress at yield (Figure 69) and tensile modulus (Figure 68)) could be due to the non-uniformity of 
filler particle characteristics, possibly hindering matrix filler adhesion potential; a similar result 
was also observed by Yoo et al. [236] when combining glass fibres with montmorillonite (MMT) 
particles to increase the tensile properties of Polyamide 6. Although notable increases in modulus 
were observed with the latter combined fillers, the MMT particles alone provided a better 
modulus enhancement to Polyamide 6, even at low MMT contents (0-10 % wt.). It was concluded 
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that inconsistent particle orientation and filler-matrix interaction might have contributed towards 
the reduction in modulus observed with the combination of both fillers. 
Furthermore, the tensile stress at yield (Figure 69) of the PE/fly-ash composites increased with 
every filler loading investigated indicating good matrix-filler interaction. However, at low filler 
levels the PE/fly-ash-cenosphere composites (Figure 69) have a higher tensile stress at yield 
relative to the PE/cenosphere composites; again this could be due to the non-uniformity of filler 
particle characteristics, possibly hindering matrix-filler adhesion potential at high fly-ash-
cenosphere loadings. 
 
 
Figure 69. Tensile stress at yield of fly-ash and cenosphere PE composites. 
 
Conversely, in terms of tensile modulus (Figure 68), the PE/fly-ash-cenosphere composites 
performed optimally at approximately 50 % vol. filler. Therefore, it was decided to two roll mill a 
variety of combinations of fly-ash with cenospheres in PE, maintaining overall filler content of 50 
% vol. Table 12 identifies the blend details, Figures 70-71 display tensile properties found in this 
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Table 12. Ratio of fly-ash to cenospheres to maintain a volume of 50% filler. 
LMDPE/MA-g-LLDPE 
(% vol.) 
Fly-ash 
(of 50 % vol.) 
Cenospheres 
(of 50 % vol.) 
100 0 0 
50 0 100 
50 12.5 87.5 
50 25 75 
50 37.5 62.5 
50 50 50 
50 62.5 37.5 
50 75 25 
50 87.5 12.5 
50 100 0 
 
Cenosphere particles are considerably larger than fly-ash particles and therefore cannot pack 
together as effectively to reduce the size of interstitial voids. Furthermore, fly-ash particles 
seemingly respond better to the current coupling agent system (MA-g-LLDPE). This could explain 
the relatively small impact on the performance of cenosphere PE composites with the addition of 
fly-ash; in fact as the fly-ash level approaches 100 % (of 50 % vol. overall filler) both tensile 
modulus and tensile yield stress increase. The tensile modulus (Figure 70) shows no change up to 
a fly-ash/cenospheres ratio of 37.5/62.5. Beyond the latter, a slight rise is observed; the increase 
in tensile modulus (relative to the composite containing cenospheres only) for the composite 
containing fly-ash only is outside experimental error and indicates that smaller particles are more 
effective at improving stiffness, due to the increased interfacial area within the composite.  
 
 
Figure 70. Tensile modulus of PE/fly-ash-cenosphere composites, maintaining an overall filler 
content of 50 % vol. 
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Tensile yield stress versus fly-ash:cenosphere ratio (at a total filler volume fraction of 50 %) is 
plotted in Figure 71 together alongside the tensile yield stress of the unfilled matrix. An increase 
in tensile yield stress was observed with the increase in fly-ash content to the filler blend; 
however, only the composite containing fly-ash had a yield stress greater than that of the unfilled 
matrix. On the other hand, there is a mild inflexion in the data around 50 % fly-ash:cenosphere 
ratio that is outside experimental error (some error bars are smaller than the data points, see 
Table 38 in the Appendix Section 3 for standard deviation data). The general conclusion that was 
drawn from these mechanical responses is that blends of cenospheres and fly-ash particles are 
not successful as stiffness reinforcement for PE; the large cenosphere particles may act as stress 
concentrators in the MA-g-LLDPE/LMDPE matrix with fly-ash particles (which are an order of 
magnitude smaller in size than cenospheres). As this matrix is of lower toughness than the MA-g-
LLDPE alone, it is not surprising that premature failure occurs. 
 
 
Figure 71. Tensile stress at yield of PE/fly-ash-cenosphere composites, maintaining an overall filler 
content of 50 % vol.  (Table 38 of the Appendix Section 3 displays standard deviations). 
 
5.5.1 Key findings from using the two roll mill to blend large/small particle composites 
Combining two fillers (fly-ash and cenospheres) has never been attempted in the context of 
particulate-filled composites for rotomoulding. For the purpose of clarity, the key findings of this 
investigation are summarised in the following bullet points: 
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 The two-roll milled PE/fly-ash-cenosphere composites have higher values of tensile 
modulus in comparison to PE/cenosphere composites alone (the latter had inferior 
performance with regards to tensile modulus). However, the reduced performance of 
PE/fly-ash-cenosphere composites relative to PE/fly-ash composites could be due to the 
larger cenosphere particles acting as defects and hence causing premature failure. The 
cenospheres are effectively residing within a matrix which is itself a composite of PE and 
fly ash.  The latter combination will be stiffer and probably more defect sensitive than PE, 
causing the effect of the cenosphere defects to be even greater than in a composite 
consisting of cenospheres and PE only. 
 
 The tensile stress at yield of the PE/fly-ash composites increased with every filler loading 
investigated, indicating good matrix-filler interaction and sufficiently good filler 
dispersion. However, at low filler levels the PE/fly-ash-cenosphere composites have a 
higher tensile stress at yield relative to the PE/cenosphere composites; again this could be 
due to the non-uniformity of filler particle characteristics, possibly hindering matrix-filler 
adhesion potential at high fly-ash-cenosphere loadings. 
 
5.6 Evaluation of Twin Screw Extrusion Compounding for Production of Small Particle 
Composites 
 
Melt blended PE/fly-ash composites showed strong matrix-filler interaction which was manifested 
as the composite strength increasing with the volume fraction of fly ash (Figures 68, 69). Such 
behaviour is consistent with formation of a percolated network of well bonded filler-matrix 
interfacial regions which are stronger than the bulk matrix. Twin screw extrusion (TSE) 
compounding is arguably a more effective melt blending method than two roll milling; the 
residence time in TSE is shorter and unlike the two roll mill, the melt is not open to the 
atmosphere. These factors reduce the level of melt oxidation. TSE is also a continuous process 
and is therefore used for the commercial production of filled polymers.  
 
Consequently, it was decided to TSE melt blend PE/fly-ash composites, Table 13 displays 
composite compositions. Garnet and sand particles were considered too large and abrasive and 
the cenospheres were considered too large and fragile to run through the extruder; breakage of 
the cenosphere particles would risk the benefit of low density being lost. PE/fly-ash composites 
prepared by TSE and two roll milling had the same tensile modulus versus fly-ash volume fraction 
characteristics when experimental error is considered (Figure 72). The tensile stress at yield or 
failure (whichever came first) of PE/fly-ash composites is also approximately identical for 
composites melt blended by TSE or the two roll mill, only the TSE produced composite containing 
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55 % vol. fly-ash is stronger (Figure 73). The insignificant differences between melt blending by 
two roll mill and TSE show that the level of filler dispersion obtained using the two methods is 
similar and probably close to optimum, bearing in mind the spherical shape and large size of the 
fly-ash particles relative to other fillers used in thermoplastics (e.g. talc and calcium carbonate). 
Differences in the extent of degradation of the matrix in the fly-ash composites are also 
insignificant despite the two roll mill blending process being open to atmospheric oxygen. 
 
Table 13. Fly-ash and maleanised PE combinations for twin screw extrusion compounding. 
MA-g-LLDPE/LMDPE 
 (% wt.) 
Fly-ash 
(% wt.) 
100 0 
75 25 
50 50 
40 60 
30 70 
25 75 
  
 
 
 
Figure 72. Tensile modulus PE/fly-ash composites dry blended vs. melt compounded. 
500
1000
1500
2000
2500
3000
3500
0 20 40 60
Te
n
si
le
 m
o
d
u
lu
s 
(M
P
a)
Filler Addition (% vol.) 
Fly-Ash (two roll mill)
Fly-Ash (twin screw extruder)
116 
 
 
Figure 73. Tensile stress at yield PE/fly-ash composites dry blended vs. melt compounded. 
 
Un-notched Charpy impact tests of TSE compounded PE/fly-ash specimens (Figure 74) revealed 
increases in impact energy absorbed up to 50 % wt. loading (28.8 % vol.). This may be due to a 
crack pinning effect; as a crack propagates through a polymer containing particles that locally 
obstruct its path, the crack front may propagate around the outer edge between particles. The 
propagation of such a crack front consumes more energy than cracks with a straight front [237, 238, 
239]. This is referred to as crack pinning and is one method of toughness reinforcement in filled 
polymer composites (Figure 75). 
 
 
Figure 74. Un-notched Charpy impact test results for twin screw extruded PE/fly-ash blends. 
(Table 39 of the Appendix Section 3 displays standard deviations). 
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Figure 75. The crack pinning effect in filled polymeric composites.  
 
Beyond 28.8 % vol. fly-ash, the impact energy absorbed decreases in an almost linear fashion 
resulting in sudden brittle failure. Un-notched Charpy Impact strength fell sharply between 28.8 
and 37.8 % vol. then somewhat less sharply between 37.8 and 54.9 % vol. fly-ash. The sharp fall 
may be due to a change in fracture mechanism arising from the average distance between filler 
particles becoming too small for the crack pinning mechanism to operate. The rate of reduction 
slows due to possible percolation of filler-matrix interfacial regions, resulting in a further 
modification of the fracture mechanism. Consequently, it was thought that these interfacial 
regions may have a different crystalline content to the bulk matrix; this was resolved by 
differential scanning calorimetry (DSC) of the PE/fly-ash composite materials specified in Table 18 
of Section 5.9.2. Figure 76 confirmed that the addition of fly-ash in this instance has a negligible 
impact on the crystalline content of MA-g-LLDPE/LMDPE. 
 
 
Figure 76. Crystallinity of MA-g-LLDPE/LMDPE with the addition of fly-ash. A compilation of all 
DSC data is provided in Appendix Section 4. 
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Preliminary SEM imaging of two roll milled 25 % wt. fly-ash/PE composites (Figure 77) revealed 
that fly ash particles were still visible on the fracture surfaces; indicating that whilst high tensile 
stress was realised, the composites still failed at the filler-matrix interface.  
 
 
Figure 77. SEM images of the tensile fracture surface of a 25 % wt. fly-ash/PE composite specimen 
(650 and 100x magnification). 
 
5.6.1 Key findings from using the twin screw extruder to blend small particle composites 
Investigating the effect of various polymer/filler blending methods is seldom conducted in studies 
on particulate-filled composites for rotational moulding. For the purpose of clarity, the key 
findings of this investigation are summarised in the following bullet points: 
 
 PE/fly-ash composites prepared by TSE and two roll milling had the same tensile modulus 
versus fly-ash volume fraction characteristics when experimental error is considered. 
 
 The tensile stress at yield or failure (whichever came first) of PE/fly-ash composites is also 
approximately identical for composites melt blended by TSE or the two roll mill, only the 
TSE produced composite containing 55 % vol. fly-ash is stronger.  
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 The insignificant differences between melt blending by two roll mill and TSE show that the 
level of filler dispersion obtained using the two methods is similar and probably close to 
optimum, bearing in mind the spherical shape and large size of the fly-ash particles 
relative to other fillers used in thermoplastics (e.g. talc and calcium carbonate). 
 
 Differences in the extent of degradation of the matrix in the fly-ash composites are also 
insignificant despite the two roll mill blending process being open to atmospheric oxygen. 
 
 Un-notched Charpy impact tests of TSE compounded PE/fly-ash specimens revealed 
increases in impact energy absorbed up to 50 % wt. loading (28.8 % vol.). This may be due 
to a crack pinning effect. 
 
 Beyond 28.8 % vol. fly-ash, the impact energy absorbed decreases in an almost linear 
fashion resulting in sudden brittle failure. Un-notched Charpy Impact strength fell sharply 
between 28.8 and 37.8 % vol. then somewhat less sharply between 37.8 and 54.9 % vol. 
fly-ash. The sharp fall may be due to a change in fracture mechanism arising from the 
average distance between filler particles becoming too small for the crack pinning 
mechanism to operate. The rate of reduction slows due to possible percolation of filler-
matrix interfacial regions, resulting in a further modification of the fracture mechanism.  
 
 The addition of fly-ash in this instance has a negligible impact on the crystalline content of 
MA-g-LLDPE/LMDPE. 
 
5.7 Verification of Maleic Anhydride Coupling Agent Effect on Small Particle Composites 
Produced by Twin Screw Extrusion Compounding 
 
The MA-g-LLDPE grade and dosage used in this study was selected by the industrial sponsor after 
extensive studies on large particle composites (Experimental Section 4.1.1). TSE trials have 
revealed that the MA-g-LLDPE at a loading of 25 % wt. on the LMDPE matrix is effective at 
coupling the fly-ash particles to the matrix, such that the composite strength increases with fly-
ash loading up to the maximum level studied of 55 % vol. This indicates that the Mintron 7 fly-ash 
used interacts strongly with the maleic anhydride groups (or more likely the dicarboxylic acid 
formed after hydrolysis of the anhydride). This observation is not surprising; recent work, that has 
been submitted for publication [226] has verified, using flow micro-calorimetry and diffuse 
reflectance Fourier transform infrared spectroscopy, strong interaction between an unsaturated 
carboxylic acid coupling agent and Mintron 7 fly-ash. Ion pair interactions between carboxylate 
group from the acid and metal ions on the fly-ash surface were formed. 
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To further gauge the effectiveness of the maleanised PE on the properties of LMDPE/fly-ash 
composites, it was decided to blend the PE/fly-ash composites in Table 13 using LMDPE 
containing 25 % wt. of a similar non-maleanised LLDPE to the feedstock used to synthesise the 
MA-g-LLDPE. The latter is termed “analogue PE”. It is well known the type of coupling agent and 
amount used has an impact on the mechanical performance of particulate-filled polymer 
composites. The current PE system is 25 % wt. MA-g-LLDPE with 75 % wt. LMDPE. It is reasonable 
to assume a level of roughly 1 % by wt. maleic anhydride (MA) in the MA-g-LLDPE. However, the 
exact level remains proprietary. Table 14 identifies blend information for this trial and Figures 78-
80 identify the tensile and impact properties. 
 
Table 14. Fly-ash analogue PE combinations investigated. 
Analogue PE 
(% wt.) 
Fly-ash. 
(% wt.) 
100 0 
75 25 
50 50 
40 60 
30 70 
25 75 
 
The tensile modulus of maleanised PE/fly-ash composites (Figure 78) is identical to that of 
equivalent non-maleanised PE composites up to approximately 48 % vol. At the highest loadings 
the analogue PE/fly-ash composites are slightly stiffer. This is probably due to a slightly higher 
crystalline content in the interfacial region of the composites based on the analogue PE. 
Attachment of the MA-g-LLDPE to the fly-ash particles may decrease crystallinity, reducing the 
stiffness of the interfacial regions and tensile modulus; Hassan et al. [240] also observed a reduction 
in the crystallinity of maleic anhydride grafted polypropylene (MA-g-PP)/glass fibre composites via 
DSC examination, relative to equivalent composites without the MA coupling agent.  
The tensile stress at yield or break (whichever comes first) is plotted against fly-ash volume 
fraction in Figure 79; the MA-g-LLDPE modified composites increase in strength linearly (over the 
range investigated) with increasing fly-ash level. In contrast, the composites modified with the 
non-maleanised LLDPE show a decrease in strength which appears to be linear up to 38 % vol. fly-
ash. Interestingly, the analogue PE based composites containing the two highest fly-ash levels 
show noticeably increased strength. This effect may be due to degradation induced cross-linking 
of the matrix, it can be verified using MFR measurement, or more ideally oscillatory viscometry.  
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Figure 78. Tensile modulus of analogue PE/fly-ash composites versus maleanised PE equivalents. 
 
 
Figure 79. Tensile yield stress of analogue PE/fly-ash vs. maleanised PE equivalents. 
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Figure 80. Un-notched Charpy impact results of analogue PE/fly-ash vs. maleanised PE 
equivalents. (Standard deviation data available within Tables 39 and 30 of Appendix Section 3). 
 
Due to the spherical shape of the fly-ash particles and the absence of significant amounts of sub-
micron particles (Figures 47 and 48) it is unlikely that the MA-g-LLDPE modification will improve 
the degree of fly-ash dispersion. Overall, it is strongly evident that the current MA-g-LLDPE 
coupling system offers clear advantages with regards to tensile properties. Toughness is 
important. With this in mind, un-notched Charpy impact testing was conducted on the PE/fly-ash 
composites. The maleanised PE modified composites gave better Charpy impact properties up to 
28.8 % vol. fly-ash loading (Figure 80) in comparison to equivalent analogue PE composites. 
However, there is a switch over of the data at 60 % wt. (37.8 % vol.) fly-ash. The relatively high 
effectiveness of a coupling agent over such a wide range of volume fractions is unusual and may 
indicate that more than one toughening mechanism is in operation. The fact that the MA-g-LLDPE 
has a lower stiffness than the LMDPE may be a factor which helps improve toughness at lower 
volume fractions. Under the latter conditions, there will be a large amount of MA-g-LLDPE relative 
to the amount of filler and the MA-g-LLDPE is likely to encapsulate the filler particles. Both these 
factors are likely to increase toughness due to a reduction in the yield stress of the bulk matrix 
and a filler-matrix interfacial region of relatively low stiffness. At higher volume fractions (beyond 
50 % vol.) there is less MA-g-LLDPE in relation to the filler and due to the high interfacial area, 
interfacial properties dominate. The improved filler-matrix adhesion arising from the MA-g-LLDPE 
modification is responsible for the increased toughness, relative the equivalent unmodified 
composites, at higher fly-ash volume fractions.   
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5.7.1 Key findings from verifying the effect of Maleic Anhydride on PE/fly-ash composites 
For the purpose of clarity, the key findings of this investigation are summarised in the following 
bullet points: 
 
 The tensile modulus of maleanised PE/fly-ash composites is identical to that of equivalent 
non-maleanised PE composites up to approximately 48 % vol. At the highest loadings, the 
analogue PE/fly-ash composites are slightly stiffer. This is probably due to a slightly higher 
crystalline content in the interfacial region of the composites based on the analogue PE.  
 
 The MA-g-LLDPE modified composites increase in strength linearly (over the range 
investigated) with increasing fly-ash level. In contrast, the composites modified with the 
non-maleanised LLDPE show a decrease in strength which appears to be linear up to 38 % 
vol. fly-ash.  
 
 The analogue PE based composites containing the two highest fly-ash levels show 
noticeably increased strength, relative to maleanised equivalents. This effect may be due 
to degradation induced cross-linking of the matrix, it can be verified using MFR 
measurement, or more ideally oscillatory viscometry.  
 
 The maleanised PE modified composites give better Charpy impact properties up to 28.8 
% vol. fly-ash loading in comparison to equivalent analogue PE composites. However, 
there is a switch over of the data at 60 % wt. (37.8 % vol.) fly-ash. The relatively high 
effectiveness of a coupling agent over such a wide range of volume fractions is unusual 
and may indicate that more than one toughening mechanism is in operation. The fact that 
the MA-g-LLDPE has a lower stiffness than the LMDPE may be a factor which helps 
improve toughness at lower volume fractions. 
 
 The improved filler-matrix adhesion arising from the MA-g-LLDPE modification is 
responsible for the increased toughness, relative the equivalent unmodified composites, 
at higher fly-ash volume fractions.   
 
5.8 Comparison of Maleic Anhydride Coupling Agent Effect on HDPE and LMDPE Small Particle 
Composites Produced by Twin Screw Extrusion Compounding 
 
The strong performance of fly-ash particles with the current maleanised PE suggests good matrix-
filler interaction; a strong interfacial region between the filler particle surface and the PE matrix 
has been established. The extent of filler particle surface coating by the MA-g-LLDPE/LMDPE has a 
124 
 
profound effect on the physical properties of filled polymeric composites. In the case of PE/fly-ash 
composites, increases in tensile modulus and stress at yield were seen with the increase in fly-ash 
loading. Increases in Charpy impact properties were also observed up to 28.8 % vol. fly-ash. The 
level of MA coupling agent in the MA-g-LLDPE used was originally found by experiment to be 
optimum for large particle composites by the industrial sponsor Rotomotive Ltd. However, the fly-
ash particles are considerably smaller than the larger particle composites developed at 
Rotomotive Ltd.  
 
Therefore, the effect of MA-g-LLDPE on the tensile and impact properties of TSE melt blended, 
compression moulded, 70 % wt. fly-ash filled LMDPE and HDPE was investigated (see Table 15); 
the high 70 % wt. fly-ash loading was selected due to the exceptional improvements in stiffness 
seen at that level for compression moulded materials. As rotational moulding is a zero shear 
process, rudimentary rotational moulding and oven sintering trials were carried out by the 
industrial partner; these trials revealed that whilst good mechanical properties were obtainable at 
high filler levels with compression moulded plaques, a resistance to flow at zero shear placed a 
question mark over the viability of using high filler loadings. Therefore, MFR tests were also 
conducted on the resulting composites. However, it was appreciated that the MFR tests 
conducted for this investigation were not under zero-shear conditions. 
 
Table 15. Blend details of HDPE or LMDPE with Fly-ash  
MA-g-LLDPE 
LMDPE or HDPE 
with and without 
70 % wt. fly-ash 
(% wt.) (% wt.) 
0 100 
1 99 
2.5 97.5 
5 95 
10 90 
17.5 82.5 
25 75 
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Figure 81. Tensile modulus of unfilled and 70 % wt. fly-ash filled HDPE or LMDPE with addition of MA-g-
LLDPE. 
 
With regards to tensile modulus, the 70 % wt. fly-ash filled LMDPE and HDPE specimens initially 
responded well to the introduction of MA-g-LLDPE coupling agent (Figure 81), particularly 
between 2.5 and 10 % wt. MA-g-LLDPE loading. Similar enhancements to the tensile strength of 
HDPE/rice hull composites was observed by Petchwattana et al. [241] with the addition of MA, 
which was optimum at the smallest rice hull particle size investigated (ca.  75 µm in length). The 
latter observation supports the theory that smaller particles (such as fly-ash, ca.  ≤ 100 µm in 
diameter) are more effective at reinforcing the modulus and strength of polymer composites, 
relative to large particles which effectively decrease the surface area of the filler particles for 
attachment to the matrix. However, it is appreciated that rice hull particles have a high aspect 
ratio and are effectively long, thin fibres. On the other hand, the fly-ash particles have an aspect 
ratio of approximately 1 due to their spherical shape; the high aspect ratio of the rice hull 
particles may have also contributed to the tensile improvements observed in MA-g-HDPE. 
However, at MA-g-LLDPE levels exceeding 10 % wt. in 70 % wt. fly-ash filled LMDPE or HDPE 
composites, the tensile modulus deteriorated with increasing MA-g-LLDPE addition. This 
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reduction in stiffness may be due to the interfacial region being of lower stiffness due to excessive 
amounts MA-g-LLDPE covering the filler particles.  
 
Differential Scanning Calorimetry (DSC) data from previous testing (Figure 37, Section 5.2.2) 
indicated HDPE and LMDPE are inherently of higher crystallinity than MA-g-LLDPE (with HDPE 
having the highest crystalline content). When combined with MA-g-LLDPE their crystallinity 
progressively decreases; these crystalline regions are effectively the mechanical reinforcing 
phases of PE. Crystalline content has a profound influence on mechanical properties of PE; for 
example, in HDPE the chains have a lower degree of branching, this allows the chains to pack 
together more easily into a uniform crystalline structure. MA-g-LLDPE contains a larger degree of 
chain branching therefore making it difficult to pack chains in a uniform fashion. The initial 
increases in tensile modulus of the 70 % wt. fly-ash filled LMDPE or HDPE composites with 
increasing MA-g-LLDPE content suggests improved matrix-filler interaction, resulting in better 
coupling between the filler particles surfaces and the PE matrix. The exceptionally high values of 
tensile modulus overall (relative to the unfilled matrix) for the 70 % wt. fly-ash filled HDPE and 
LMDPE composites indicates the fly-ash has good interaction in both LMDPE and HDPE with the 
presence of MA-g-LLDPE/LMDPE.  
 
 
Figure 82. Tensile yield stress of unfilled and 70 % wt. fly-ash filled, HDPE or LMDPE with addition of 
MA-g-LLDPE. 
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The 70 % wt. fly-ash filled LMDPE and HDPE specimens also increased in yield stress (Figure 82) 
with the increase in MA-g-LLDPE, with the HDPE/fly-ash displaying optimal tensile performance 
between 5 and 10 % wt. MA-g-LLDPE loading. The 70 % by wt. fly-ash filled LMDPE displays 
improvements in tensile stress at yield which stabilises at 25 % MA-g-LLDPE addition; this 
suggested the establishment of a thick interfacial region which has high compatibility with the 
matrix, preventing the PE from tearing away at the filler particle surfaces (de-wetting or de-
bonding). The decrease in tensile strength of the 70 % wt. fly-ash filled HDPE composites after 10 
% wt. MA-g-LLDPE loading (Figures 81 and 82) may be due to a reduction in stiffness of the 
interfacial region. There is arguably better miscibility between the LMDPE and MA-g-LLDPE in 
comparison to the HDPE due to similarity of lamellar thickness, hence the better results. The 
tensile improvements observed at every level of MA-g-LLDPE addition to the 70 % wt. fly-ash filled 
LMDPE composites can also be attributed to a better transfer of stress from the PE matrix to the 
stiffer filler particles, as a result of improved matrix-filler adhesion; the increasing trend may be 
due to coupling by entrapment. LMDPE’s better compatibility with MA-g-LLDPE covered filler 
particles also indicates trans-crystallisation is possible, giving composites with higher strength 
than the unfilled PE matrix.  
 
 
Figure 83. Impact energy absorbed of fly-ash filled HDPE or LMDPE with the addition of MA-g-
LLDPE. 
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and beyond 10 % wt. MA-g-LLDPE have a sharper increase in impact properties relative to 
equivalent HDPE composites, probably due to greater similarity of  lamellar thicknesses. The 
increase in impact strength of polymer composites with the presence of MA is not surprising; Kord  
[242] observed an increase in the impact strength and tensile properties of PP/wood fibre 
composites with increasing levels of MA (up to 2 % wt.). The latter result is remarkable 
considering the brittleness of PP above its Tg relative to PE. On the other hand, the wood fibres 
are of considerably different shape, size and aspect ratio relative to the smaller spherical fly-ash 
particles. 
 
5.8.1 Key findings from the comparison of Maleic Anhydride effects on HDPE and LMDPE fly-ash 
composites 
Varying the level of coupling agent to assess its effect on the properties particulate-filled polymer 
composites for rotational moulding forms another novel aspect of this research. For the purpose 
of clarity, the key findings of this investigation are summarised in the following bullet points: 
 
 With regards to tensile modulus, the 70 % wt. fly-ash filled LMDPE and HDPE specimens 
initially responded well to the introduction of MA-g-LLDPE coupling agent, particularly 
between 2.5 and 10 % wt. MA-g-LLDPE loading. However, at MA-g-LLDPE levels exceeding 
10 % wt. in 70 % wt. fly-ash filled LMDPE or HDPE composites, the tensile modulus 
deteriorated with increasing MA-g-LLDPE addition. This reduction in stiffness may be due 
to the interfacial region being of lower stiffness due to excessive amounts MA-g-LLDPE 
covering the filler particles.  
 
 The exceptionally high values of tensile modulus overall (relative to the unfilled matrix) 
for the 70 % wt. fly-ash filled HDPE and LMDPE composites indicates the fly-ash has good 
interaction in both LMDPE and HDPE with the presence of MA-g-LLDPE/LMDPE.  
 
 The 70 % wt. fly-ash filled HDPE specimens increased in yield stress with the increase in 
MA-g-LLDPE, displaying optimal tensile performance between 5 and 10 % wt. MA-g-LLDPE 
loading. The decrease in tensile strength of the 70 % wt. fly-ash filled HDPE composites 
after 10 % wt. MA-g-LLDPE loading may be due to a reduction in stiffness of the interfacial 
region. 
 
 The 70 % by wt. fly-ash filled LMDPE displays improvements in tensile stress at yield which 
stabilises at 25 % MA-g-LLDPE addition; this suggested the establishment of a thick 
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interfacial region which has high compatibility with the matrix, preventing the PE from 
tearing away at the filler particle surfaces (de-wetting or de-bonding).  
 
 LMDPE’s better compatibility with MA-g-LLDPE covered filler particles indicates trans-
crystallisation is possible, giving composites with higher strength than the unfilled PE 
matrix.  
 
5.9 Analysis of Rotationally Moulded Small Particle Composites 
The TSE melt blended, compression moulded PE/fly-ash composites gave considerable increases 
in stiffness with the addition of fly-ash , due to good interaction between the fly-ash particles and 
the MA-g-LLDPE coupling agent additive; the highest filled PE/fly-ash composites (70 % wt.) were 
at least six times the tensile modulus of the unfilled matrix (Figure 78). However, the latter 
materials had not yet been rotationally moulded; it was therefore decided to investigate the 
properties of two PE/fly-ash rotomoulded products; a small rectangular box (test moulding) and a 
larger safety step (production moulding). The small rectangular box test mould was based on an 
aluminium bread baking tin. The safety step is a commercially available product typically used by 
aircraft technicians for inspecting the underside of fuselages and wings. 
 
 
5.9.1 Rotomoulded rectangular box test mouldings  
Small rotomoulded rectangular box test mouldings made using various formulations of 
compounded PE/fly-ash (Table 16) were produced at the industrial sponsors facility (Rotomotive 
Ltd., Experimental Section 4.5.4).  
 
Table 16. Small Rectangular Box Mouldings 
MA-g-LLDPE/LMDPE 
(% wt.) 
Fly-ash. 
(% wt.) 
100 0 
75 25 
50 50 
40 60 
30 70 
 
Upon visual inspection, small pinholes were seen on the both the internal (air side) and external 
(mould side) surfaces of the moulding, becoming greater in number with the increase in fly-ash 
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content (see Figure 84). Therefore, it was decided to photograph the moulding surfaces using a 
DSLR camera (Experimental Section 4.7). Images were then uploaded into “imageJ” analysis 
software to identify the the count, size and area fraction of the pinholes for correlation with MFR 
and fly-ash content; the latter parameters painted an informative picture of the relationship 
between MFR, fly-ash content and and material processability. Figures 85 and 86 (stacked graphs) 
reveal how the number and area fraction of the pinholes increase with the addition of fly-ash and 
decrease with rising MFR (ie. reduction in fly-ash addition). However, the average hole diameter 
progressively gets larger up to 28.8  % vol. fly-ash loading (50 % wt.) and then decreases at 31.7 
and 34.6 % vol. Figures 85 and 86 also demostrate the impact of fly-ash addtion to the melt flow 
properties of the resulting composite; with every fly-ash level, the MFR decreases. The latter 
observation confirms that the melt flow properties play a significant role in the overall quality of a 
rotomoulded part; high levels of filler particles can disrupt the rheology of the PE melt, decrease 
the MFR and thus produce mouldings with defects. 
 
 
 
Figure 84. Pin holes on the surface of rotomoulded rectanguar box test moulding (50 % wt. fly-
ash/PE).  
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Figure 85. Pinhole count, area fraction and diameter vs. MFR of MA-g-LLDPE/LMDPE with fly-ash. 
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Figure 86. Pinhole count, area fraction and diameter vs. fly-ash content in MA-g-LLDPE/LMDPE. 
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5.9.2 Rotomoulded safety steps  
The TSE compounded, compression moulded PE/fly-ash composites at 28.8 % vol. fly-ash loading 
had at least twice the tensile modulus of unfilled PE, partially due to good interaction between 
the fly-ash particles and the MA-g-LLDPE coupling agent additive (Figures 78 and 79). The 
doubling in stiffness of rotomoulded PE due was the main aim of this research. Thus far, the 
PE/fly-ash composite test materials were produced using a high pressure compression moulding 
process, relative to the zero-shear encountered in rotomoulding. Consequently, it was decided to 
rotomould safety steps (refer to Figure 87 and Experimental Section 4.5.5) using the maleanised 
PE/fly-ash composites up to 28.8 % vol. fly-ash loading and compare these with a selection of 
equivalent steps moulded using three other competitive grades of unfilled PE (Table 17); two of 
those grades were HDPE designed for liquid storage tanks, canoes and kayaks (N307 and M601, 
Experimental Section 4.5.5.1). The safety steps were compression tested and tensile test pieces 
were cut from their flat surfaces for analysis (Experimental Section 4.6.6, 4.6.7). The step 
mouldings also provided insight into the “rotomouldability” of the stiffer maleanised PE/fly-ash 
composite material. MFR determinations on the PE/fly-ash blends used to rotomould the 
rectangular box test mouldings (Table 16, Figure 88) revealed that the addition of fly-ash to the 
MA-g-LLDPE/LMDPE blend has a largely negative impact on the on the melt flow behaviour of the 
resulting composites, particularly for composites containing more than 28.8 % vol. fly-ash.   
 
 
Figure 87. Rotomoulded PE safety step. 
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Table 17. Unfilled PE grades used for rotomoulded safety steps. 
 
 
 
 
 
 
 
Table 18. PE/fly-ash formulations for rotomoulded safety steps. 
Target Wall Thickness 
(mm) 
MA-g-LLDPE/LMDPE 
(% wt.) 
Fly-ash 
(% vol.) 
Fly-ash 
(% wt.) 
7 50 28.8 50 
7 75 14.4 25 
7 87.5 7.2 12.5 
7 100 0 0 
 
 
Figure 88. MFR of MA-g-LLDPE/LMDPE with the addition of fly-ash, specified in Table 16. 
 
Liquid displacement and ashing tests were also conducted (Figure 89) in order to determine the 
density of the PE/fly-ash composites (Experimental Section 4.3.5); the ashing type test provided a 
pinpoint accurate verification of the filler content due to combustion of the polymer within the 
composite, leaving the fly-ash residue. 
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Figure 89. Density of rotomoulded PE/fly-ash safety step materials. 
 
 
Figure 90. Tensile modulus of rotomoulded MA-g-LLDPE/LMDPE with the addition of fly-ash 
versus unfilled rotomoulded PE grades. 
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rotomoulded safety steps were also plotted against equivalent parameters from PE/fly-ash safety 
steps. It is arguable that, in terms of tensile modulus (which increased with every fly-ash level 
investigated) the 14.4 and 28.8 % vol. fly-ash/PE composite material competed extremely well 
against the N307 tank grade and the M601 canoe/kayak grade, both of which have good stiffness 
for RM applications. The latter PE grades are more expensive (Table 3, Experimental section 
4.5.5.1) relative to the more popular N250 LMDPE rotomoulding grade PE. The increase in tensile 
modulus of the PE/fly-ash composite materials with every level of fly-ash investigated can be 
attributed to a better transfer of stress from the flexible PE matrix to the stiffer filler particles, as 
a result of improved matrix-filler adhesion. However, the 14.4 % vol. fly-ash/PE composite 
performed consistently well in terms of tensile modulus and stress at yield. Moreover, the sharp 
jump in tensile stress at yield for both 7.2 and 14.4 % vol. fly-ash/PE composites suggests the MA-
g-LLDPE coupling agent has good functionality with the surfaces of the spherical fly-ash particles, 
even with the zero-shear conditions encountered in rotomoulding. Moreover, it is evident from 
Figure 91 that the fly-ash content could be increased to some point between 14 and 28 % vol.  
 
Figure 91. Tensile yield stress of rotomoulded MA-g-LLDPE/LMDPE with the addition of fly-ash 
versus unfilled rotomoulded PE grades. 
 
Charpy impact tests were also conducted to analyse the PE/fly-ash composite systems impact 
properties. It is evident from Figure 92 that the increase in fly-ash content decreases the impact 
toughness of the composite; the sharp fall may be due to a change in fracture mechanism arising 
from the average distance between filler particles becoming too small for a crack pinning 
mechanism to operate (as seen at 7.2 % vol. fly-ash loading).  
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Figure 92. Charpy Impact properties of MA-g-LLDPE/LMDPE with the addition of fly-ash.  
 
The rotomoulded safety steps detailed in Tables 17 and 18 were compression tested to 600 N 
(Experimental Section 4.6.6). Force-deflection curves are shown in Figures 93 and 94. It is clear 
from Figure 93 that the 14.4 and 28.8 % vol. fly-ash/PE safety steps undergo considerably less 
deflection of the loaded surface relative to the unfilled N307 HDPE and M601 HDPE safety steps 
under compression. Even the unfilled maleanised PE safety step is stiffer than the unfilled N250 
LMDPE safety step (Figure 94). The overall stiffness of the PE/fly-ash steps increases with the 
increase in filler content; the superior stiffness of the PE/fly-ash composites showcases its great 
potential for rotomoulding applications. However, it was appreciated that the significant 
variations in wall thickness of all the rotomoulded safety steps may play an important role in their 
geometrical stiffness (Figure 95).  
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Figure 93. Force-deflection curves of rotomoulded PE/fly-ash safety steps vs. unfilled PE 
equivalents.  
 
 
Figure 94. Force-deflection curves of rotomoulded PE/fly-ash safety steps vs. unfilled PE 
equivalents. 
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Considering the significant variation in wall thickness of the rotomoulded PE/fly-ash safety steps, 
it was decided to measure their wall thickness in all four corners and halfway across the top and 
bottom surfaces (Figure 95).  
 
 
 
 
Figure 95. Rotomoulded safety step cross section for measurement of wall thickness. The 
measurement points were halfway across the top and bottom surface and the corners. 
 
It is clear from Figure 96 that the wall thicknesses of the PE/fly-ash safety steps investigated are 
considerably different to the target of 7 mm. This is probably due to the absence of pressure 
during the rotomoulding process to better disperse the polymer melt and prevent excess material 
from congregating into the corners of the mould. However, the corner thicknesses of the MA-g-
LLDPE/LMDPE safety steps decrease with the addition of fly-ash. Figure 97 confirms the addition 
of fly-ash significantly decreases the MFR of the resulting composites; the viscosity of the PE/fly-
ash composites in the melt state is high as a consequence of modification to the melt rheology by 
the fly-ash particles. Interestingly, this increase in melt viscosity may be promoting better 
distribution of the melt in the mould; the top middle surface actually increases in thickness with 
the increase in fly-ash loading, confirming the PE/fly-ash safety steps lose material (i.e. thickness) 
from the corners and gain material in the top surface with the increase in fly-ash loading. The 
decrease in wall thickness at the bottom middle surface of the safety steps with the increase in 
fly-ash loading is understandable; due the angle of the safety steps sidewalls (Figure 95), the 
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bottom corners gain considerably more material (i.e. thickness) during rotomoulding. Therefore, 
less material is available from which to disperse across the bottom surface of the step. 
 
Figure 96. Percentage wall thickness deviation of the rotomoulded PE/fly-ash safety steps from 
the 7 mm target vs. fly-ash content. 
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Figure 97. MFR of PE/fly-ash composites detailed in Table 18. 
 
5.9.3 Key findings from the analysis of rotationally moulded small particle composites 
The image analysis technique used to analyse pinholes on the surface of rotomoulded products 
forms another novel aspect of this research. For the purpose of clarity, the key findings of this 
investigation are summarised in the following bullet points: 
 
 Upon visual inspection, small pinholes were seen on the both the internal (air side) and 
external (mould side) surfaces of the moulding, becoming greater in number with the 
increase in fly-ash content. 
 
 The number and area fraction of the pinholes increase with the addition of fly-ash and 
decrease with rising MFR (ie. reduction in fly-ash addition). However, the average hole 
diameter progressively gets larger up to 28.8 % vol. fly-ash loading (50 % wt.) and then 
decreases at 31.7 and 34.6 % vol.  
 
 With every level of fly-ash, the MFR of MA-g-LLDPE decreases. The latter observation 
confirms that the melt flow properties play a significant role in the overall quality of a 
rotomoulded part; high levels of filler particles can disrupt the rheology of the PE melt, 
decrease the MFR and thus produce mouldings with defects. 
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 In terms of tensile modulus (which increased with every fly-ash level investigated) the 
14.4 and 28.8 % vol. fly-ash/PE composite material competed extremely well against the 
N307 tank grade and the M601 canoe/kayak grade, both of which have good stiffness for 
RM applications. 
 
 The 14.4 % vol. fly-ash/PE composite performed consistently well in terms of tensile 
modulus and stress at yield. Moreover, the sharp jump in tensile stress at yield for both 
7.2 and 14.4 % vol. fly-ash/PE composites suggests the MA-g-LLDPE coupling agent has 
good functionality with the surfaces of the spherical fly-ash particles, even with the zero-
shear conditions encountered in rotomoulding.  
 
 It is evident that the fly-ash content could be increased to some point between 14 and 28 
% vol. in an effort to balance the increase in modulus with better impact properties. 
 
 The increase in fly-ash content decreases the impact toughness of the composite; the 
sharp fall may be due to a change in fracture mechanism arising from the average 
distance between filler particles becoming too small for a crack pinning mechanism to 
operate (as seen at 7.2 % vol. fly-ash loading).  
 
 The 14.4 and 28.8 % vol. fly-ash/PE safety steps undergo considerably less deflection of 
the loaded surface relative to the unfilled N307 HDPE and M601 HDPE safety steps under 
compression.  
 
 The unfilled MA-g-LLDPE safety step is stiffer than the unfilled N250 LMDPE safety step. 
However, the overall stiffness of the PE/fly-ash steps increases with the increase in filler 
content; the superior stiffness of the PE/fly-ash composites showcases its great potential 
for rotomoulding applications.  
 
 The viscosity of the PE/fly-ash composites in the melt state is high as a consequence of 
modification to the melt rheology by the fly-ash particles. Interestingly, this increase in 
melt viscosity may be promoting better distribution of the melt in the mould. 
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5.10 High Temperature Flexural Testing of Injection Moulded PE/Fly-ash Composites  
 
The TSE compounded PE/fly-ash materials used to rotomould the safety steps in this report (Table 
18) were injection moulded at MMU for ambient temperature (23 oC) and high temperature 
flexural three point bend tests (Experimental Section 4.6.3); it was appreciated that 
understanding the behaviour of the PE/fly-ash material at elevated temperatures was important, 
as this serves as another method of material characterisation. Figures 98 and 99 identify that the 
introduction of fly-ash particles to PE increases the flexural modulus and stress at 10 mm 
deflection regardless of temperature. However, the flexural performance of the PE/fly-ash 
composite becomes increasingly worse with the rise in temperature, particularly for the samples 
at 115 oC, whereby the flexural stress at 10 mm deflection is less than the unfilled matrix (Figure 
99). At 85 oC, the amorphous regions (ductile regions) of PE are more easily affected by the heat, 
whereas the crystalline regions (stiffer regions) of PE will remain relatively more stable. 
Conversely, the crystalline structure of PE begins to breakdown when approaching its melting 
temperature, explaining the severe drop in flexural stress at 115 oC (Figure 99). The unfilled PE 
matrix at 115 oC performed so poorly a meaningful value of flexural modulus could not be 
determined (Figure 98). 
 
 
Figure 98. Flexural modulus of injection moulded PE/fly-ash composites at elevated temperatures. 
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Figure 99. Flexural stress at 10 mm deflection for injection moulded PE/fly-ash composites at 
elevated temperatures. 
 
5.11 Cost Benefit Analysis of the Small Particle Composites for Rotational Moulding 
 
Arguably, the most attractive factor favouring use of PE for rotomoulding is the relatively low 
cost; PE is definitively the cheapest polymer in the context of RM. However, the modulus of PE is 
inherently low. Therefore, the wall thicknesses of rotomoulded products are increased to 
compensate for this low modulus. Increasing the wall thickness is a common tactic for larger load-
bearing articles such as liquid storage tanks and silos, where manufacturers often over-thicken 
the walls to be confident in part strength. Although practically justified, increasing the wall 
thickness of RM products uses more material, slows production cycles and increases costs.  
 
The PE/fly-ash composite at a filler loading of 50 % wt. (28.8 % vol.) was selected for an estimated 
cost comparison with the unfilled 25 % wt. MA-g-LLDPE/75 % wt. LMDPE formulation; with the 
latter formulation, the aim of doubling the modulus of the MA-g-LLDPE/LMDPE formulation was 
achieved with the addition of 28.8 % vol. fly-ash. The cost comparison is available in Tables 19 and 
20 and discussed in the following paragraphs. 
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Table 19. Cost and modulus of the PE/fly-ash composite material. 
PE/Fly-ash Composite 
Materials MA-g-LLDPE LMDPE 
Fly-
ash 
Estimated Price (£ kg-1) 3 1.25 0.35 
Amount (% wt.) 12.5 37.5 50 
Price for Materials (£ kg-1) 0.38 0.47 0.35 
Estimated Twin Screw Extrusion Price  
(£ kg-1) 
0.25 
Estimated Pellet Grinding Price (£ kg-1) 0.15 
Total Cost (£ kg-1) 1.59 
Tensile Modulus 1847.30 
Tensile Modulus Standard Deviation 92.32 
 
Table 20. Cost and modulus of the unfilled MA-g-LLDPE/LMDPE material. 
Unfilled PE  
Material MA-g-LLDPE LMDPE 
Estimated Price (£ kg-1) 3 1.25 
Amount (% wt.) 25 50 
Price for Materials (£ kg-1) 0.75 0.94 
Estimated Twin Screw Extrusion Price  
(£ kg-1) 
0.25 
Estimated Pellet Grinding Price (£ kg-1) 0.15 
Total Cost (£ kg-1) 2.09 
Tensile Modulus 932.61 
Tensile Modulus Standard Deviation 124.56 
 
It is clear from Tables 19 and 20 that the PE/fly-ash composite (with 28.8 % vol. fly-ash) is 
approximately 24 % cheaper (at £1.59 per kg) than the unfilled MA-g-LLDPE/LMDPE at £2.09 per 
kg. Furthermore, the PE/fly-ash composite has double the tensile modulus of the unfilled MA-g-
LLDPE/LMDPE matrix. However, a reduction in material cost was not the ultimate objective of this 
PhD study. The potential of down-gauging part thickness due to the high modulus of the PE/fly-
ash composite has far more significance to rotomoulders; currently, many large rotomoulded PE 
products (such as liquid storage tanks or kayaks) have large wall thicknesses, which makes them 
tedious and impractical to mould. Therefore, it is crucial to gauge the effectiveness of the higher 
modulus PE/fly-ash composite material at reducing the wall thickness; the flexural deflection (δ) 
of a rectangular cross-section beam is inversely proportional to the modulus (E) and the thickness 
cubed (d3), as seen in Equation 27.  
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             𝛿 =  
𝐹𝐿
4𝐸𝑏𝑑3
           Equation 27. 
Where: 
F = Force (N) 
L = Support Span Length (m) 
E = Tensile Modulus (Pa) 
b = Width (m) 
d = Thickness (m) 
 
Therefore, in order to reduce the wall thickness by half, a material with 8 times the modulus 
would be required. For rotomoulding, no such polymer with that high a modulus is available. 
Despite the latter, there is still potential to down-gauge part thickness with the selected PE/fly-
ash composite material. It is clear from Table 21 that a potential 12.38 % reduction in wall 
thickness is possible with the higher modulus PE/fly-ash composite. Although the latter potential 
reduction in wall thickness is not particularly large, it would certainly be beneficial to 
rotomoulders as its modulus-to-price ratio is good (relative to PA or PC) and the possible 
reduction in wall thickness could help to rotomould more effectively.  
 
Table 21. Wall thickness reduction potential of the PE/filler composite, relative to the unfilled 
MA-g-LLDPE/LMDPE matrix. 
Material 
Tensile 
Modulus (E) 
Standard 
Deviation 
E(Chosen Material)/E(MA-g-
LLDPE/LMDPE) 
Wall Thickness 
Reduction 
Potential (%) 
MA-g-
LLDPE/LMDPE 
932.61 124.56 1 0 
PE/Fly-ash 1847.30 92.32 1.98 12.38 
 
 
5.12 Finite Element Analysis of Small Particle Composite Safety Step Sidewall Deflection 
 
5.12.1 Specification of material properties for FE model development  
It is clear that the PE/fly-ash composite material has a usefully high modulus relative to 
rotomoulding grade PE at the highest filler content investigated (28.8 % vol., Figure 90). 
Rotomoulders expected to use the new PE/fly-ash composite materials typically use FEA to verify 
the structural integrity of load-bearing designs before signing-off final revisions. The rotomoulded 
safety step was selected for FEA investigations due to its suitable size for compression testing, 
symmetrical geometry and relatively straightforward loading scenario. Parameters from direct 
physical test data such as the tensile modulus, Poisson’s ratio, tensile yield stress and tensile 
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stress-strain curves for the PE/fly-ash materials (Table 18) were required for FEA of the safety 
steps sidewall deflection. 
 
5.12.1.1 Tensile properties and Poisson’s ratio 
Table 22 displays the tensile properties derived from direct physical testing of the PE/fly-ash 
composites used for FE models of the PE/fly-ash safety steps. Figure 100 displays the tensile 
stress-strain curves of PE/fly-ash test pieces that were closest to the average tensile modulus and 
stress at yield. It is clear that the filled materials are stiffer relative to the unfilled PE matrix. The 
latter stress-strain curves were required for non-linear FEA only; linear and non-linear FEA are 
explained in the Literature Review Section 3.4.4). 
 
Table 22. PE/Fly-ash material properties for FEA software input 
PE 
(% wt.) 
Fly-ash 
(% wt.) 
Fly-ash 
(% vol.) 
Tensile 
Modulus 
(MPa) 
Standard 
Deviation 
Yield Stress 
(MPa) 
Standard 
Deviation 
25 MA-g-LLDPE/75 
LMDPE 
0 0 932.61 124.56 17.04 1.22 
25 MA-g-LLDPE/75 
LMDPE 
12.5 7.2 1069.88 75.80 18.99 0.51 
25 MA-g-LLDPE/75  
LMDPE 
25 14.4 1190.96 179.81 18.74 0.64 
25 MA-g-LLDPE/ 75 
LMDPE 
50 28.8 1847.30 92.32 17.41 0.76 
 
 
Figure 100. Tensile stress-strain to yield of rotomoulded PE/fly-ash composites for non-linear FE 
models.  
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Poisson’s ratio values for the PE/fly-ash composite safety step materials detailed in Table 18 were 
also required for FEA; when a material is stretched, it usually deforms in a direction perpendicular 
to the stretching force, this is known as the Poisson’s effect (Figure 101). Therefore, the Poisson’s 
ratio is a fraction of transverse compressive strain divided by axial tensile strain. There is little 
available literature regarding the Poisson’s ratio of PE; for the vast majority of materials such as 
metals, ceramics and some polymers (including PE), the Poisson’s ratio is assumed to be between 
0.3-0.5 [243]. However, the Poisson’s ratio of an isotropic linear-elastic material can be any value 
between -1 and 0.5 [244]. Measuring the Poisson’s ratio of PE is a challenge due to the non-linear 
behaviour of PE very low strains. Therefore, Poisson’s ratio tests for non-linear materials typically 
require advanced equipment/instrumentation such as high resolution lasers and ultra-sound [245, 
246, 247]. Consequently, Poisson’s ratio determination of the PE/fly-ash composite safety step 
materials was carried out using the advanced video extensometer at the National Composites 
Certification and Evaluation Facility (NCCEF) within the University of Manchester. The resulting 
stress-strain curves were processed using MS Excel and the Poisson’s ratio was calculated using 
Equation 20 in Experimental Section 4.6.4. 
 
 
Figure 101. The lateral contraction of a material due to longitudinal extension; the latter 
phenomenon is known as the Poisson’s effect.  
 
Due to the non-linear behaviour of PE, it was found that calculating a consistent value of Poisson’s 
ratio was not possible at the low to medium levels of strain. However, significantly more 
consistent values of Poisson’s ratio were calculated at higher levels of strain (close to or at the 
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yield point). Therefore, the resulting values of Poisson’s ratio were close to or at the yield point, 
rather than within the elastic region; Experimental Section 4.6.4.1 details the procedure applied 
to calculate Poisson’s ratio. It can be seen from Figure 102 that the addition of fly-ash to MA-g-
LLDPE had a relatively small effect on the Poisson’s ratio.  
 
 
Figure 102. Poisson’s ratio of MA-g-LLDPE/LMPDE with the addition of fly-ash. 
 
Table 23. Poisson’s ratio of PE/fly-ash composites for FEA of safety step sidewall deflection. 
PE 
(wt.) 
Fly-ash 
(% wt.) 
Fly-ash 
(% vol.) 
Poisson’s Ratio Standard Deviation 
25 % MA-g-LLDPE/75 % LMDPE 0 0 0.46 0.00033 
25 % MA-g-LLDPE/75 % LMDPE 12.5 7.2 0.43 0.00123 
25 % MA-g-LLDPE/75 % LMDPE 25 14.4 0.46 0.00073 
25 % MA-g-LLDPE/75 % LMDPE 50 28.8 0.45 0.00106 
 
Consequently, the effect of varying the Poisson’s ratio value on the outcome of FEA was explored; 
recently published work associated with this thesis concluded that reasonable values of Poisson’s 
ratio between 0.3-0.5 had a minimal impact on FEA of the rotomoulded safety steps [248]. 
Therefore, the resulting values of Poisson’s ratio at yield for the PE/fly-ash composite safety step 
materials (Table 23) were used for linear and non-linear FEA of the safety steps sidewall 
deflection.   
 
5.12.2 Further compression testing of small particle composite safety steps  
The PE/Fly-ash safety steps were further compression tested to a maximum of 5.5 kN for 
comparison of their sidewall deflection with FEA approximations (with the exception of the 28.8 % 
vol. fly-ash/PE safety step which fractured at 4.26 kN loading). Dial test indicators (DTI’s) were 
installed on two opposing sidewalls of the safety step at predefined locations of maximum 
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deflection (predefined using SolidWorks Simulation 2013 FEA software, see Experimental Section 
4.10). The load applied was well over the maximum required load of 2.6 kN (approximately 265 
kg) defined by the British standard for the testing of safety stools, of which the original LMDPE 
safety step was compliant (BS EN 14183:2003). This purposefully high value of load was applied in 
an attempt to test the PE/fly-ash safety steps beyond their elastic region for comparison with 
non-linear FEA approximations.  
 
It is clear from Figure 103 that the 25 % wt. and 50 % wt. (14.4 and 28.8 % vol.) fly-ash/PE safety 
steps underwent considerably less sidewall deflection relative to the unfilled and 12.5 % wt. (7.2 
% vol.) fly-ash/PE safety steps. However, the 50 % wt. fly-ash/PE steps fractured at 4.26 kN; it is 
not surprising that this step developed a fracture on the load surface, considering the sharp drop 
in impact properties (brittle failure) at this fly-ash loading (Figure 92). Furthermore, the deviations 
in wall thickness of the PE/fly-ash safety steps decreased with the increase in fly-addition (Figure 
96); the increase in melt viscosity of the PE/fly-ash composites may be promoting better wall 
thickness uniformity, which may also play a role in the geometric stiffness of the safety step. The 
resulting values of crosshead and sidewall deflection at maximum load from the PE/fly-ash safety 
step compression tests were tabulated for FEA investigations (Table 24).  
 
 
Figure 103. Force-deflection response of PE/fly-ash safety steps sidewalls. 
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Table 24. Maximum force, crosshead displacement and sidewall deflection of the PE/fly-ash 
safety steps. 
PE 
(% wt.) 
Fly-ash 
(% wt.) 
Fly-ash 
(% vol.) 
Total 
Force 
Applied 
(N) 
Crosshead 
Displacement 
(mm) 
Average  
Sidewall 
Deflection 
(mm) 
Sidewall 
Deflection 
Standard 
Deviation 
25 MA-g-LLDPE/75 
LMDPE 
0 0 5500 42 5.82 1.32 
25 MA-g-LLDPE/75 
LMDPE 
12.5 7.2 5500 41 5.13 0.01 
25 MA-g-LLDPE/75 
LMDPE 
25 14.4 5500 36 5.45 0.71 
25 MA-g-LLDPE/75 
LMDPE 
50 28.8 4260 28 3.87 0.99 
 
 
5.12.3 Comparison of small particle composite safety step sidewall deflection with FEA  
Within SolidWorks Simulation 2013 FEA software, static linear-elastic and non-linear analyses 
were conducted to approximate the sidewall deflection of the PE/fly-ash safety steps during 
compression (Experimental Section 4.10). A force or crosshead displacement (corresponding to 
each PE/fly-ash safety step, Table 24) was applied to each linear-elastic and non-linear FE model 
to replicate the physical safety step compression test scenario (Experimental Section 4.6.6). The 
corresponding values of tensile yield stress, tensile modulus and Poisson’s ratio taken directly 
from physical testing of the PE/fly-ash composite safety step materials were applied to all static 
linear-elastic FE models (Tables 22 and 23). H-adaptive (Figure 104) and P-adaptive mesh 
refinement (Literature Review Section 3.4.5) was also applied to all static linear-elastic FE models 
in order to gauge the effect of these techniques on FEA solutions. For non-linear FE models, the 
Poisson’s ratio (Table 23) and full tensile stress-strain curves from direct physical testing of each 
PE/fly-ash composite material were applied (Figure 100)  . 
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Figure 104. H-adaptive refined 3D safety step mesh. The corners and edges contain more 
elements than other areas of less stress concentration. 
 
The accuracy of FEA is heavily dependent on the mesh size selected; an optimised mesh size can 
minimise error to a limiting value dependent upon the geometry of structure under analysis. On 
the other hand, a fine mesh increases the computational cost of the analysis in terms of 
simulation time and operating speed. H-adaptive mesh refinement subdivides the elements 
(therefore increasing the number of nodes) to increase the element count in areas of structural 
importance. However, H-adaptive mesh refinement does not affect the polynomial order of the 
equations that govern FEA. P-adaptive mesh refinement is simpler in mesh construction than H-
adaptive as it maintains a fixed mesh but increases the polynomial order of the elements. P-
adaptive mesh refinement is particularly useful for complex elements which deform due to both 
compression and tension, for example. 
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Figure 105. The resulting number of mesh elements and nodes of the 3D safety steps after 
applying standard coarse, H-adaptive, P-adaptive mesh refinement. 
 
SolidWorks Simulation increases the number of elements in the corners and around the edges of 
the 3D safety step mesh as part of standard procedure (without the need to refine the mesh), 
these areas are effectively stress concentrators due to the geometry of the step; the increase in 
element count is to allow for better accuracy in such areas of structural importance. Figure 105 
reveals the element and node count of the H-adaptive and P-adaptive refined FE meshes relative 
to the standard coarse mesh setting. It is clear that the H-adaptive mesh refinement technique 
significantly increases the number of nodes and therefore elements relative to the standard 
coarse mesh setting; the latter increase proves the H-adaptive mesh refinement technique is 
operating correctly. Furthermore, Figure 105 confirms the P-adaptive mesh refinement technique 
did not affected the element or node count relative to the coarse mesh setting, indicating it also 
operated correctly.  
 
During non-linear FEA, the software uses iterative values of strain from a tensile stress-strain 
curve to calculate a nodal value of stress up to the maximum load specified, using a numerical 
time stepping procedure [249]. The latter procedure is complete when the solution converges to a 
limiting value (depending on the solution convergence option selected, Literature Review Section 
3.4.4). Consequently, non-linear safety step FE models (applying a force or displacement, see 
Table 24) armed with tensile stress-strain data were expected to provide better accuracy at the 
expense of time (due to the large number of iterative calculations required). Equivalent static 
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linear-elastic FE models (H-adaptive and P-adaptive) of the safety step were expected to provide a 
quicker solution time at the expense of accuracy, due to the smaller amount of input data.  
 
 
Figure 106. FEA approximations of sidewall deflection of PE/fly-ah safety steps from static linear-
elastic H and P-adaptive, non-linear force and non-linear displacement models. 
 
Figure 106 shows that FEA approximations of safety step sidewall deflection from the non-linear 
force, non-linear displacement, linear-elastic H-adaptive force and P-adaptive displacement FE 
models of the 12.5 and 25 % wt. fly-ash/PE safety steps corresponded reasonably well with 
physical measurements. The same is also true for the H-adaptive displacement FE models of the 
12.5, 25 and 50 % wt. fly-ash/PE safety steps. The apparent correlation of sidewall deflection from 
the latter FE models with physical test measurements confirmed the practical value of the 
numerical material data obtained from direct physical testing; the static linear-elastic H and P-
adaptive mesh refined FE models used the tensile and Poisson’s ratio data detailed in Tables 22-
23 and the non-linear FE models used the tensile stress-strain and Poisson’s ratio data detailed in 
Figure 100 and Table 23. Furthermore, all static linear-elastic FE models had considerably shorter 
solution times in comparison to non-linear FE models and yet were surprisingly accurate in most 
cases. It is questionable whether (in this case) the non-linear models were necessary; for shorter 
solution times and reasonable accuracy, static-linear elastic solutions may suffice. 
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Figure 107. FEA approximation of PE/fly-ash safety step sidewall deflection vs. fly-ash content for 
P-adaptive force and displacement solution. 
 
However, FEA approximations of sidewall deflection from all H-adaptive, P-adaptive and non-
linear FE models of the 0 % fly-ash/PE (i.e. MA-g-LLDPE/LMDPE) and 50 % wt. fly-ash/PE safety 
steps (Figure 107) were significantly different to physical measurements (Figure 107). Static 
linear-elastic FEA over-estimated the stiffness of the 0 % fly-ash/PE safety step and the non-linear 
FEA under-estimated the stiffness of the 50 % wt. fly-ash/PE safety step (except the force P-
adaptive FE model of the 50 % wt. fly-ash/PE safety step). The latter deviation from physical test 
results may be due to the accuracy of the numerical material property data; it is appreciated the 
mechanical response of both the unfilled and the highly filled 50 % wt. fly-ash/PE composite is 
non-linear, even at low strains. Therefore, a value of modulus for the latter materials is arguably 
an over-estimation. Furthermore, the MA-g-LLDPE/LMDPE and the 50 % wt. fly-ash/PE composite 
represent the unfilled and the highest filled PE material investigated; the behaviour of the latter 
materials are considerably different to the 12.5 and 25 % wt. fly-ash/PE composites, especially for 
the 50 % wt. fly-ash/PE composite which has nearly double the stiffness of the 25 % wt. fly-ash/PE 
composite. Modifying the tensile modulus values may help to accommodate for complex material 
properties within FEA; PE is viscoelastic, its mechanical response is a function of the magnitude of 
applied stress, the duration of applied stress and temperature. The latter generally explains why 
the tensile response of the PE/fly-ash composites are non-linear, even at low strains. Therefore, 
the generalised set of simple linear-elastic equations for FEA (such as equations 3 and 5 in 
Literature Review Section 3.4.3) are inappropriate to approximate the response of complex 
viscoelastic materials, as confirmed by Lai and Bakker [250]. Consequently, it was recognised that 
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non-linear materials such as PE require viscoelastic equations to approximate their mechanical 
response [249]; equations that approximate the non-linear behaviour of viscoelastic materials could 
produce a more representative value of modulus to enhance the accuracy of FEA. Furthermore, 
reducing the average strain energy difference between all the elements and nodes in the mesh 
may also help to improve the accuracy of FEA. The safety step FE models assume a constant wall 
thickness of 7 mm; geometrical differences between the 3D CAD models and the physical 
rotomoulded product (i.e. variations in wall thickness) may also have contributed to the 
differences between FEA approximations and the physical test result. 
 
Figure 108. Tensile strain in the outer-fibres of a three point bend test piece. 
 
Moreover, it was appreciated that only the outer-top surface of the PE/fly-ash safety steps (where 
the load was applied) was subjected to compressive stress whereas the inner-top surface was 
subjected tensile stress. Figure 108 demonstrates how this loading scenario was more complex 
than what was originally considered. The latter is another factor which may explain the 
differences between FEA and physical testing of the PE/fly-ash safety steps. Therefore, the 
compression response of the PE/fly-ash composite safety step materials was investigated. 
 
5.12.4 Formation of tensile-compression curve  
It was found that SolidWorks Simulation assumes the compressive stress-strain response of a 
material to be a reverse of the tensile response. The latter assumption may not be entirely true, 
especially for filled polymers. Therefore, it was sought to investigate the compressive properties 
of the 0 % and 50 % wt. fly-ash/PE composite safety step materials (Experimental Section 4.6.8). 
The height of the test specimens were varied; 15, 20, 25, 30, and 35 mm. Varying the height 
provided an opportunity to identify the optimum ratio of height to thickness for optimal results; if 
the ratio of height to thickness is too large, the test pieces could buckle prematurely during 
loading. For the purpose of the test, two specimens of each height were joined together using 
double-sided tape to support to each other in an upright position, this accommodated for both 
157 
 
pieces to be tested simultaneously and prevented premature buckling. The resulting compression 
curves were post-processed to include the machine compliance error (Experimental Section 
4.6.8.1). It was found by experiment that the 35 mm height test pieces gave a reasonable result in 
this instance. Therefore, the compressive stress-strain response of the 35 mm height test piece 
was plotted on an x-y scatter graph with corresponding tensile data using MS Excel.  
 
 
 
Figure 109. Tensile-compression curve of 0 % and 50 % wt. rotomoulded Fly-ash/PE. 
 
It is evident from Figure 109 that the compression response of the 50 % wt. fly-ash/PE composites 
is similar to the compression response of the unfilled PE matrix. The unfilled PE matrix in 
compression is also somewhat similar to its tensile response. However, the 50 % wt. fly-ash/PE 
composite material is significantly stiffer in tension than compression. Preliminary trials were 
conducted using combined tensile and compressive stress-strain data for non-linear force and 
displacement FE models of the PE/fly-ash composite safety steps. However, it was found that 
accommodating for such data within the educational version of SolidWorks Simulation 2013 was 
more arduous than expected. Nevertheless, it was important to both understand the compressive 
response and provide numerical compression data of the new PE/fly-ash composite materials for 
future reference. 
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5.12.5 Key findings from the finite element analysis of PE/fly-ash safety steps 
Investigating the FEM for the structural analysis of rotomoulded products made using a new 
particulate-filled PE composite is particularly novel in the field of rotomoulding. Furthermore, 
investigating the Poisson’s ratio and compressive properties of particulate-filled polymer 
composites forms another novel aspect of this research. For the purpose of clarity, the key 
findings of this investigation are summarised in the following bullet points: 
 
 The tensile yield stress, modulus and Poisson’s ratio are required for static linear-elastic 
FE models. For non-linear FE models, the Poisson’s ratio and full tensile stress-strain 
curves from direct physical testing of each PE/fly-ash composite material are required. 
 
 Calculating a consistent value of Poisson’s ratio was not possible at low to medium levels 
of strain. However, significantly more consistent values of Poisson’s ratio were calculated 
at higher levels of strain (close to or at the yield point). 
 
 The addition of fly-ash to MA-g-LLDPE had a relatively small effect on the Poisson’s ratio.  
 
 The 25 % wt. and 50 % wt. (14.4 and 28.8 % vol.) fly-ash/PE safety steps underwent 
considerably less sidewall deflection relative to the unfilled and 12.5 % wt. (7.2 % vol.) fly-
ash/PE safety steps. However, the 50 % wt. fly-ash/PE steps fractured at 4.26 kN load. 
 
 The H-adaptive mesh refinement technique significantly increased the number of nodes 
and therefore elements relative to the standard coarse mesh setting; the latter increase 
proves the H-adaptive mesh refinement technique is operating correctly.  
 
 The P-adaptive mesh refinement technique did not affected the element or node count 
relative to the coarse mesh setting, indicating it also operated correctly.  
 
 FEA approximations of safety step sidewall deflection from the non-linear force, non-
linear displacement, linear-elastic H-adaptive force and P-adaptive displacement FE 
models of the 12.5 and 25 % wt. fly-ash/PE safety steps corresponded reasonably well 
with physical measurements. The same is also true for the H-adaptive displacement FE 
models of the 12.5, 25 and 50 % wt. fly-ash/PE safety steps.  
 
 All static linear-elastic FE models had considerably shorter solution times in comparison to 
non-linear FE models and yet were surprisingly accurate in most cases. It is questionable 
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whether (in this case) the non-linear models were necessary; for shorter solution times 
and reasonable accuracy, static-linear elastic solutions may suffice. 
 
 Static linear-elastic FEA over-estimated the stiffness of the 0 % fly-ash/PE safety step and 
the non-linear FEA under-estimated the stiffness of the 50 % wt. fly-ash/PE safety step 
(except the force P-adaptive FE model of the 50 % wt. fly-ash/PE safety step). 
 
 The compression response of the 50 % wt. fly-ash/PE composites is similar to the 
compression response of the unfilled PE matrix. Moreover, the unfilled PE matrix in 
compression is also somewhat similar to its tensile response. However, the 50 % wt. fly-
ash/PE composite material is significantly stiffer in tension than compression. 
 
5.12.6 Key considerations for the finite element analysis of rotomoulded parts 
The combined effect of various complex factors on FEA such as FE model assumptions, the non-
linear behaviour of PE and the variation in wall thickness of rotomoulded parts exemplified the 
importance of properly understanding FEA software; basic to intermediate users can create 3D 
structures, apply forces, constraints and material data with relatively little effort. Therefore, the 
following considerations should be made when using FEA software: 
 
 Understand the boundary conditions (loads, constraints and material data). Ensure a 
simplified, representative loading scenario of the FE model for quicker solutions. 
 Ensure the dimensions of the structure under analysis are accurately defined. 
 Validate the FEA softwares calculations by hand (e.g. simple beam bending theory) 
 Use FEA to identify areas of the structure beyond the yield stress of the material or 
maximum deflection required. 
 Determine experimental error. 
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6. Conclusions  
 
  
The investigations detailed in this thesis have resulted in several interesting conclusions regarding 
both the development of PE/filler composite materials for RM and the consequent application of 
FEA in order to numerically approximate the mechanical response of rotomoulded parts using 
such materials. These are summarised in the following paragraphs: 
 
6.1 Mechanical Properties 
 
In terms of the mechanical properties and processability of the proposed PE/filler composites, the 
original aims this study (Section 1.1) were to:  
 
 Evaluate a selection of particulate fillers as reinforcement to RM grade PE in order to 
double its tensile modulus. 
 
 Optimise the chosen composite system for performance and processability. 
 
The aim of doubling the modulus of rotomoulding grade PE using a particulate filler was achieved 
at 28.8 % vol. fly-ash for composites based on a blend of 25 % wt. MA-g-LLDPE with 75 % wt. 
LMDPE (Figure 90, Results and Discussion Section 5.9.2); these observations verify the claimed 
coupling activity of the MA-g-LLDPE with the finer fly-ash particles. Furthermore, at 28.8 % vol. fly-
ash loading, the tensile stress at yield (Figure 91) remains effectively the same as the unfilled 
matrix (when taking the data variation into account). However, the impact strength of the 
rotomoulded PE/fly-ash composites (Figure 92) decreased with every filler loading investigated; 
this was especially true for the 28.8 % vol. PE/fly-ash composites where the impact strength fell 
by approximately 88 %. The latter is unacceptable for rotomoulded applications such as 
underground water tanks or kayaks where the toughness and ductility of unfilled PE is essential. 
Therefore, future investigations to enhance the toughness of the PE/fly-ash composites are 
detailed in Section 7. Physical observations also confirmed that the PE/fly-ash composites were 
increasingly more brittle with the increase in fly-ash loading, relative to the ductile unfilled matrix. 
 
Moreover, the MFR of the PE/fly-ash composites decreased with the addition of fly-ash. In terms 
of modulus enhancement (Figure 90) the optimum fly-ash loading of 28.8 % vol. corresponds to a 
42 % loss in MFR relative to the unfilled matrix (Figure 88). Such a loss in MFR placed a question 
mark over the feasibility of the PE/fly-ash composites for rotomoulding applications. However, 
experimental data suggests an optimal balance between the tensile modulus (Figure 90), yield 
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stress (Figure 91) and MFR (Figure 88) of rotomoulded PE may be possible at fly-ash loadings 
between 14-28 % vol.; this should not be problematic to rotomould in powder form.  
 
6.2 Filler-Matrix Blending Technique  
 
Dry blending of coarse particle fillers (i.e. sand, garnet and cenospheres) with powdered LMDPE/ 
MA-g-LLDPE blends followed by compression moulding generally gave composites with poor 
mechanical properties relative to equivalent composites where the filler particles were melt 
blended in to the same matrix using a two roll mill. Twin screw extrusion melt blending of 
composites based on the finer fillers (i.e. fly-ash) was also successful and produced compression 
mouldings with excellent mechanical properties. However, the improvements in tensile modulus 
and yield stress were accompanied by reduced impact toughness at high fly-ash loadings (50 % 
wt.) where the stiffness enhancement was more prominent. Furthermore, the addition of fly-ash 
impacts the melt flow behaviour of PE in a largely negative way. 
 
6.3 Polyethylene, Filler and Coupling Agent 
 
Compression moulded, melt blended MA-g-LLDPE/LMDPE blends with the addition of finer filler 
(i.e. fly-ash) had excellent mechanical properties. Remarkably, the TSE melt blended compression 
moulded highly-filled fly-ash/LMDPE (70 % wt.) composites displayed improvements in strength 
which showed signs of stabilising at 20-25 % MA-g-LLDPE. For equivalent HDPE composites, 
maximum stress was observed at 10 % wt. MA-g-LLDPE; the latter is probably due to poor 
compatibility between HDPE and MA-g-LLDPE due to the relatively high level of branching in MA-
g-LLDPE. HDPE was initially selected for reinforcement with fly-ash particles due to its higher 
stiffness than LMDPE. However, better compatibility was observed between MA-g-LLDPE/LMDPE 
with the addition of fly-ash; these observations verify the claimed coupling activity of the MA-g-
LLDPE with the finer fly-ash particles. Consequently, in the context of melt flow properties and 
cost, it was decided that the MA-g-LLDPE/LMDPE-fly-ash blends were more suitable for 
rotomoulding relative to the added expense and reduced melt flow properties of equivalent MA-
g-LLDPE/HDPE composites. Therefore, MA-g-LLDPE/LMDPE-fly-ash blends were selected for 
rotational moulding. High temperature flexural tests revealed the addition of fly-ash to MA-g-
LLDPE/LMDPE system improved the heat distortion behaviour of the resulting injection moulded 
composites relative to the unfilled matrix. 
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6.4 Fillers - Effect of Bimodal Particle Size Distribution 
 
Maximum packing fraction determinations (using a modified oil absorption type test) confirmed 
that combinations of fly-ash and cenospheres could boost filler volume fraction in the composites. 
However, the mechanical response of these mixed filler composites was poor (in most cases 
poorer than with fly-ash alone).  Bearing in mind the fact that the cenospheres form only a small 
fraction (ca. 2 %) of fuel ash from power stations and their relatively high cost, it was concluded 
that a filler system based on fly-ash/cenosphere combinations is not a viable option. During these 
preliminary melt blending trials, the small particle size fillers (i.e. fly-ash) performed best due to 
the fact that they do not act as large defects in the matrix and they provide sufficient interfacial 
area for the effective deployment of the MA-g-LLDPE coupling agent.  
 
6.5 Small Particle Composites – Properties in the Context of Rotational Moulding 
 
The objective of doubling the tensile modulus of MA-g-LLDPE/LMDPE based blends was achieved 
at fly ash volume fractions between 20-30 % for compression moulded samples; the latter fly-ash 
loading was not considered over problematic in the context of rotational moulding. It was found 
that rotomoulded safety steps made using the TSE melt blended maleanised PE/fly-ash composite 
materials offered stiffness comparable to that of higher density rotomoulding PE grades at the 
highest fly-ash loading investigated (28.8 % vol.). However, pinholes on the surface of 
rotomoulded PE increased with the addition of fly-ash; the addition fly-ash significantly decreases 
the MFR of the composite melt which complicates processability. The latter confirmed the 
challenge in using such highly filled PE composites for the zero-shear rotomoulding process. 
However, the variation in wall thickness of rotomoulded PE safety steps decreased with the 
addition of fly-ash; the loss in the MFR of the composite melt with the addition of fly-ash reduced 
the amount of bulk flow of the melt during rotomoulding, thus preventing material from 
gathering in the corners of the mould resulting in greater wall thickness uniformity.  
 
The latter rotomoulded PE/fly-ash composite safety steps were compression tested and 
measured for sidewall deflection. Computer simulation of the rotomoulded PE/fly-ash safety 
steps sidewall deflection was conducted using FEA software. Poisson’s ratio values for the PE/fly-
ash composite safety step materials were required for FEA. Currently, there is little available 
literature regarding the Poisson’s ratio of PE; for the vast majority of materials such as metals, 
ceramics and some polymers (including PE), the Poisson’s ratio is assumed to be between 0.3-0.5 
[243]. Measuring the Poisson’s ratio of PE is a challenge due to the non-linear behaviour of PE very 
low strains; it was found that calculating a consistent value of Poisson’s ratio was not possible at 
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the low to medium levels of strain. However, significantly more consistent values of Poisson’s 
ratio were calculated at higher levels of strain (close to and at the yield point). Therefore, the 
resulting values of Poisson’s ratio were close to or at the yield point, rather than within the elastic 
region (Experimental Section 4.6.4.1). However, it was observed the addition of fly-ash to MA-g-
LLDPE had a relatively small effect on the Poisson’s ratio. Recent published work associated with 
this thesis concluded that reasonable values of Poisson’s ratio between 0.3-0.5 had a minimal 
impact on FEA of the rotomoulded safety steps [248]. 
 
6.6 Finite Element Analysis of Rotomoulded Small Particle Composites  
 
The numerical material parameters required for FEA of the new high stiffness PE/fly-ash 
composite material was the tensile modulus, stress at yield, Poisson’s ratio and full tensile stress-
strain curves (for non-linear analyses). Measured values of sidewall deflection for the 
rotomoulded PE/fly-ash safety steps coincided reasonably well with FEA approximations from the 
static linear-elastic and non-linear FE models (depending on the mesh refinement type and 
material data applied to the FE model), confirming the practical value of the numerical material 
data. However, in some instances significant differences between FEA and the actual safety step 
were probably due to the effect of various complex factors such as the non-linear behaviour of PE 
and the variation in wall thickness of rotomoulded parts. These differences between the 
assumptions of the FE model and the physical rotomoulded part contribute to the accuracy of 
FEA, exemplifying the importance of verifying how FEA software calculates a solution. The 
following considerations should be taken into account when using FEA software for rotomoulded 
products: 
 
 Understand the analysis type. 
 Understand the boundary conditions (loads, constraints and material data). Ensure a 
simplified, representative loading scenario of the FE model for quicker solutions. 
 Ensure the dimensions of the structure under analysis are accurately defined. 
 Validate the FEA software’s calculations by hand (e.g. simple beam bending theory) 
 Use FEA to identify areas beyond the yield stress of the material or maximum 
deflection. 
 Determine experimental error. 
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6.7 Overall Recommendations 
 
A substantial variety of sample preparation and experimental methods were implemented to 
enhance the modulus of PE. Consequently, an optimum formulation for further investigation is 
suggested in the following paragraphs. 
 
1. The fly-ash particles can double the tensile modulus of PE at levels that are acceptable to 
rotomould (ca.  30 % wt., even without the MA coupling agent). Furthermore, the small 
size and spherical shape of the fly-ash particles give sufficient interfacial area for the 
effective deployment of the MA-g-LLDPE coupling agent. Therefore, it is recommended to 
use the fly-ash particles for further investigation. 
 
2. The MA coupling agent grafted LLDPE blended with LMDPE is a versatile matrix in terms 
of compatibility with the fly-ash particles; it is apparent that increasing the level MA-g-
LLDPE in  LMDPE increases the modulus at lower levels. Furthermore, the tensile yield 
stress of LMDPE/fly-ash composites increases with every level of MA-g-LLDPE (up to 25 % 
wt.). Due to the strong interaction of the MA-g-LLDPE/LMDPE blends with the fly-ash 
particles and the arguably more suitable MFR of the latter PE blends for rotomoulding 
(relative to alternative PE grades such as HDPE), it is recommended to remain with this 
particular blend of PE for further investigation. 
 
3. The PE and fly-ash should be blended by TSE compounding prior to moulding, rather than 
dry blending or two roll mill blending. The TSE compounded composites had the best 
mechanical properties relative to two roll milled or dry blended equivalents; this is 
because the matrix and filler particles are blended under electro-mechanically controlled 
shear force and temperature, ensuring better dispersion of the filler particles in the 
matrix, homogeneity and reproducibility. Furthermore, TSE compounding improves the 
effectiveness of the MA-g-LLDPE coupling agent. 
 
4. Tensile, flexural, Charpy impact and MFR tests are effective methods of gauging the 
modulus, strength, impact toughness and melt flow properties of the PE/fly-ash 
composites. However, it is suggested that zero-shear viscometry be conducted to gauge 
the MFR of the PE/fly-ash composites under the zero-shear conditions encountered in 
rotomoulding. Furthermore, one intended application of the PE/fly-ash composites is 
underground water tanks. Therefore, creep tests on actual rotomoulded tanks are 
essential at some point of the development phase. 
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5. The tensile modulus, stress at yield, Poisson’s ratio and full tensile stress strain curves are 
required for FEA, (the latter is required for non-linear analyses). However, it should be 
appreciated that the moduli of non-linear materials are an over-estimation when 
calculated using a conventional method. Therefore, it is recommended that the moduli of 
the PE/fly-ash composites are re-calculated to a more representative value for the 
purpose of FEA; linear viscoelastic equations may be explored to accommodate for this. 
Moreover, it is crucial to understand the principles of FEA properly in order to represent 
the loading scenario accurately (e.g. the type of analysis selected and other application-
specific factors such as the variation in wall thickness of rotomoulded products).  
 
With further development, especially in terms of MFR and impact toughness, it is envisaged that 
the PE/fly-ash composite can provide the required modulus enhancement to PE whilst 
maintaining suitable impact and melt flow properties for rotomoulding. Upon achieving the latter 
objective, a numerical database of material properties can be compiled for comparative stress 
analysis studies (using FEA) of virgin PE tanks versus the new high stiffness PE/fly-ash composite 
tanks. Theoretically, the high modulus PE/fly-ash composite material can lower the wall thickness 
of load-bearing rotomoulded components whilst maintaining an acceptable factor of safety. If the 
latter is achieved, real tanks could be rotomoulded and physically tested for comparison with FEA 
to validate the material data and prove the effectiveness of the PE/fly-ash composite at lowering 
the wall thickness, due to its relatively high modulus. 
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7. Further Work 
 
 
The PE/filler composites detailed in this thesis led to a number of different development 
formulations. However, it is apparent that fly-ash particles provide the best mechanical 
improvements to PE; the most viable composite system investigated thus far is that based on 
LMDPE and fly ash with an MA-g-LLDPE coupling agent. With the latter system, the objective of 
doubling the tensile modulus can be achieved at high fly ash volume fractions for rotomoulding 
applications (28 % vol.). Therefore, future investigations would still remain with optimising the 
PE/fly-ash blends for rotomoulding. However, the latter 28 % vol. fly-ash/PE composite had low 
MFR and impact properties, consequently leading to poor part surface quality. Investigations have 
suggested an optimal balance between the tensile modulus, strength and processability of 
rotomoulded PE may be possible at fly-ash loadings between 14-28 % vol.; this should not be 
problematic to rotomould in powder form. The following points summarise the future work 
suggested as a result of this study: 
 
 Development of thermo-oxidative stabilisation strategies for the PE/fly-ash composites 
with a view to maximising processability - examining novel and sustained release 
stabilisation strategies for the MA-g-LLDPE/LMDPE blend with the addition of fly-ash is 
necessary for optimising the composite materials suitability for RM. Large rotomoulded 
parts such as underground water tanks or liquid storage silos take considerably long to 
manufacture (typically 8 hours duration at above 200 oC for a 10,000 litre PE tank). 
Therefore, it is crucial to investigate (and improve) the stability of the PE/fly-ash 
composite in such harsh processing conditions. 
 
 Assess the zero shear melt flow rate of PE fly-ash composites - zero-shear viscometry is a 
more precise method of analysing the melt flow properties of the PE/fly-ash composites 
under conditions closer to those encountered in RM. The MFR of the rotomoulded MA-g-
LLDPE/LMDPE blend is significantly reduced at the optimum fly-ash loading of 28.8 % in 
terms of modulus enhancement. Cryogenic grinding of the TSE compounded PE/fly-ash 
composite pellets to powder form and the addition of small amounts of powdered PE 
during rotomoulding may improve processability. 
 
 Improve the impact strength of the PE/fly-ash composites - the addition of fly-ash 
particles to PE has a detrimental effect on the impact properties of the resulting 
composites. The latter can potentially be improved by incorporating an elastomeric 
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component in the composite to instil toughness. Furthermore, wetting agents such as 
Silanes can also be used to improve toughness via a reduction in the surface energy of the 
filler particles to better distribute them within the matrix. However, it is understood that 
increasing the toughness of the composite in this way will probably have a negative effect 
on the modulus and strength of the composite. Moreover, a multi-layer composite 
structure (sandwich laminate) could provide a good balance between the impact 
properties and tensile modulus of the PE/fly-ash composites.  The industrial sponsor has 
extensive experience in utilising commercially established techniques for multi-layer 
laminate materials. 
 
 Development of creep data for the purpose of FEA - numerical creep data from the 
PE/fly-ash composites will be required to create FE models of real RM products such as 
underground water tanks for creep analysis. A key mechanical parameter for design 
engineers is creep data; development of the latter can provide tailor made materials 
modelling tools for design engineers expected to model the new materials. Creep tests in 
three point bend mode are often at elevated temperature (typically 50 °C) for typically 
1000 hours duration. Therefore, careful advance planning is required. The industrial 
sponsor constructed an in-house creep testing facility used to examine the creep 
behaviour of the new PE/fly-ash composite materials. Initial tests have indicated the 
material lifetime of the highly filled PE/fly-ash composite is considerably longer than 
unfilled LMDPE i.e. for a given lifetime the stress withstood by the latter composite is 
significantly greater than that of unfilled LMDPE. 
 
 FEA of industrial-scale rotomoulded PE/fly-ash load-bearing parts - thus far, FEA has 
been applied to a relatively small (commercial-scale) rotomoulded safety step using 
numerical materials data from physical testing of the PE/flash composite materials. The 
rotomoulded safety step had a relatively simple loading scenario and was practical for 
small-scale testing at MMU. However, it is appreciated that the effect of non-linear 
material behaviour and the variations in wall thickness of much larger rotomoulded parts 
(such as oil storage silos) presents a considerably more complex challenge for FEA, 
possibly requiring more advanced physical testing and FE modelling methods; it is 
envisaged that non-linear viscoelastic equations will be used to provide a more 
representative value of modulus (with respect to time, stress and temperature) for FEA. 
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Appendix 1 
A list of twin screw extrusion and two roll mill compounds is provided. The relevant Results and 
Discussion Sections and table numbers have been included for ease of reference to the thesis. 
 
5.2 Characterisation of Materials for Composite Development 
5.2.2 Dual polyethylene blends 
5.2.2.2 Twin screw extrusion compounded formulations 
 
Table 6. Combinations of MA-g-LLDPE with HDPE. 
MA-g-LLDPE 
(% wt.) 
HDPE 
(% wt.) 
0 100 
7.5 92.5 
15 85 
25 75 
50 50 
75 25 
100 0 
 
 
5.4 Comparison of Composite Formation Processes for Large Particle Composites (Dry Blending 
of Pre-Mix versus Two Roll Mill Melt Blending and Moulding) 
 
Table 10. Blend details of two roll milled and dry blended composites. 
MA-g-LLDPE/LMDPE 
(% wt.) 
Filler 
(% wt.) 
100 0 
75 25 
50 50 
40 60 
30 70 
25 75 
20 80 
15 85 
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Appendix 1 (Continued) 
Full list of two roll mill and TSE compounds 
5.5 Use of Two Roll Mill Blending for Mixed Large/Small Particle Composites 
 
Table 11. Combinations of fly-ash and cenospheres for addition to PE. 
LMDPE/MA-g-LLDPE 
(% wt.) 
Fly-ash 
(% wt.) 
Cenospheres 
(% wt.) 
100 0 0 
75 6.25 18.75 
50 12.5 37.5 
40 15 45 
30 17.5 52.5 
25 18.75 56.25 
 
 
Table 12. Ratio of fly-ash to cenospheres to maintain a volume of 50% filler. 
LMDPE/MA-g-LLDPE 
(% vol.) 
Fly-ash 
(of 50 % vol.) 
Cenospheres 
(of 50 % vol.) 
100 0 0 
50 0 100 
50 12.5 87.5 
50 25 75 
50 37.5 62.5 
50 50 50 
50 62.5 37.5 
50 75 25 
50 87.5 12.5 
50 100 0 
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Appendix 1 (Continued) 
5.6 Evaluation of Twin Screw Extrusion Compounding for Production of Small Particle 
Composites 
 
Table 13. Fly-ash and maleanised PE combinations for twin screw extrusion compounding. 
MA-g-LLDPE/LMDPE 
(% wt.) 
Fly-ash 
(% wt.) 
100 0 
75 25 
50 50 
40 60 
30 70 
25 75 
 
 
5.7 Verification of Maleic Anhydride Coupling Agent Effect on Small Particle Composites 
Produced by Twin Screw Extrusion Compounding 
 
Table 14. Fly-ash analogue PE combinations investigated. 
Analogue PE 
 
(% wt.) 
Fly-ash. 
 
(% wt.) 
100 0 
75 25 
50 50 
40 60 
30 70 
25 75 
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5.8 Comparison of Maleic Anhydride Coupling Agent Effect on HDPE and LMDPE Small 
Particle Composites Produced by Twin Screw Extrusion Compounding 
 
Table 15. Blend details of HDPE or LMDPE with Fly-ash 
MA-g-LLDPE 
LMDPE or HDPE 
with and without 
70 % wt. fly-ash 
(% wt.) (% wt.) 
0 100 
1 99 
2.5 97.5 
5 95 
10 90 
17.5 82.5 
25 75 
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Appendix 1 (Continued) 
5.9 Analysis of Rotationally Moulded Small Particle Composites 
5.9.1 Rotomoulded rectangular box test mouldings  
 
Table 16. Small Rectangular Box Mouldings 
MA-g-
LLDPE/LMDPE 
(% wt.) 
Fly-ash. 
(% wt.) 
100 0 
75 25 
50 50 
40 60 
30 70 
 
 
5.9.2 Rotomoulded safety steps  
 
Table 18. PE/fly-ash formulations for rotomoulded safety steps. 
Target Wall Thickness 
(mm) 
MA-g-LLDPE/LMDPE 
(% wt.) 
Fly-ash 
(% vol.) 
Fly-ash 
(% wt.) 
7 50 28.8 50 
7 75 14.4 25 
7 87.5 7.2 12.5 
7 100 0 0 
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Appendix 2 
Tensile Testing (See Experimental Section 4.6.1 for full details of the test and sample 
dimensions) 
Tensile testing to failure was carried out in accordance with ASTM D638 using a Hounsfield H10KS 
tensometer fitted with a 10 kN load cell. The gauge length was 50 mm. After collection of the 
data, the raw load - deflection data points were exported to MS Excel for further processing.  
 
Example of Raw Load-Deflection Data 
The raw load deflection data from the tensile tests was converted in to stress versus strain data 
using Equations 22 and 23 in Experimental Section 4.6.7 respectively. A typical example of this is 
provided in Table 25. 
 
Table 25. An example of tensile load-deflection values alongside calculated stress-strain values. 
Specimen 1 
6.41 mm Thickness - 13.06 mm Width 
Force (N) Stress (MPa) Deflection (mm) Strain 
112 1.34 0.00 0.0000 
186 2.22 0.04 0.0008 
284 3.39 0.08 0.0016 
332 3.97 0.12 0.0024 
400 4.78 0.16 0.0032 
440 5.26 0.20 0.0040 
504 6.02 0.24 0.0048 
 
Example of Calculated Parameters 
The tensile modulus was calculated by the Hounsfield Q-Mat software as part of the test routine 
selected.  The latter was checked via linear regression of the raw data and values were found to 
be similar to those generated by the tensometer software. The latter can be seen in Figure 110 
and Table 26.  
Table 26. Tensile modulus and yield stress values calculated by the tensometer’s software vs. 
manually calculated values. 
Parameters Tensometer Calculated Value Manually Calculated Value 
Tensile Modulus (MPa) 949.49 959.89 
Yield Stress (MPa) 18.47 18.47 
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Figure 110. The tensile modulus of a PE specimen for comparison with computer generated 
values. 
 
The tensile stress at yield values generated by the software were also checked by converting the 
load values at yield to stress (Table 27); it can also  be seen from Table 26 that the manually 
calculated values of yield stress were the same as those values generated by the tensometers 
software. 
 
Table 27. Yield force alongside its corresponding yield stress value. 
Specimen 1 
6.41 mm Thickness - 13.06 mm Width 
Yield Force (N) Yield Stress (MPa) 
1546 18.47 
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Appendix 2 (Continued) 
Flexural testing (See Experimental Section 4.6.2 for full details of the test and sample 
dimensions) 
Flexural testing in three point bend mode was conducted according to ATSM D790 using a 
Hounsfield H10KS tensometer fitted with a 1 kN load cell. A 0.05 N pre-load was applied. Force 
and crosshead displacement were recorded and exported to MS Excel for further processing.  
 
Example of Raw Load-Deflection Data 
The raw load deflection data from the three point bend tests was first converted in to stress (in 
outer fibre) versus strain (in outer fibre) data using Equations 17 and 18 respectively. A typical 
example of this is provided in Table 28. 
 
Table 28. An example of flexural load-deflection values alongside calculated stress-strain values 
Specimen 1 
7.2 mm Thickness - 10.93 mm Width 
Force 
(N) 
Stress 
(MPa) 
Deflection 
(mm) 
Strain 
0.13 0.02 0.00 0.0000 
0.25 0.04 0.01 0.0001 
0.25 0.04 0.02 0.0002 
0.38 0.06 0.03 0.0003 
0.50 0.08 0.04 0.0004 
0.63 0.11 0.05 0.0005 
1.00 0.17 0.06 0.0006 
 
 
Example of Calculated Parameters 
The parameters determined from flexural stress-strain data were the flexural modulus (Ef), the 
secant modulus at 1 % strain (Esf(1%)) and the flexural stress at 10 mm deflection, yield or break 
(Eσ).  
Flexural modulus and stress at yield 
The Flexural modulus was calculated from linear regression of the first 10 stress versus strain data 
points which showed the highest rate of change. The latter was checked by plotting the first 200 
data points, identifying the region of maximum slope and selecting the first ten data points of that 
region for a modulus calculation (Figure 111). Flexural modulus values generated by the 
tensometer software were found to be an under-estimation (Table 29) due to inclusion of the 
excluded data points shown in Figure 111. 
200 
 
Appendix 2 (Continued) 
The flexural stress at 10 mm deflection was calculated by Hounsfield’s QMAT tensometer 
software and confirmed by manual calculation (Table 29 and 30). 
 
Figure 111. A graph to show which data points were used to manually calculate the flexural 
modulus of a PE specimen. 
 
The flexural stress at 10mm deflection (or yield or break) values were calculated by converting the 
load values into stress. Tables 29 and 30 confirms that the manually calculated values of flexural 
stress were the same as those values calculated by the tensometers software. 
 
Table 29. Flexural modulus and yield stress values calculated by the tensometer’s software vs. 
equivalent manually calculated values 
 Parameters 
Tensometer Calculated 
Value 
Manually Calculated 
Value 
Flexural Modulus (MPa) 403.66 500.87 
Flexural Stress at 10 mm Deflection (MPa) 20.60 20.60 
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Appendix 2 (Continued) 
Table 30.  Force at 10mm deflection value alongside its corresponding stress value. 
Specimen 1 
7.2 mm Thickness - 10.93 mm Width 
Force at 10 mm Deflection (N) Flexural Stress at 10 mm Deflection (MPa) 
122.25 20.60 
 
Secant modulus at 1 % strain 
The secant modulus at 1% strain was calculated using Equation 19. Table 30 displays the values 
required for input into equation 19 and the consequent value of secant modulus at 1 % strain 
obtained. Figure 112 shows the gradient of a flexural stress-strain response up to 1 % strain 
alongside the calculated value of secant modulus at 1 % strain. 
 
Table 30. Secant modulus at 1 % strain calculation. 
Secant Modulus at 1 % Strain Calculation  
 
Parameter Value Secant Modulus at 1 % Strain (MPa) 
Stress Value after Toe (MPa) 0.11 
454.88 Stress Value at 1 % Strain (MPa) 4.68 
Chosen Strain Value (%) 0.01 
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Figure 112. A graph to show the secant modulus calculation data points. 
 
Poisson’s ratio testing of PE/fly-ash composites (See Experimental Section 4.6.4 for full details of 
the test and sample dimensions) 
Poisson’s ratio tests (in tension) of the PE/fly-ash composite safety step materials were carried 
out in accordance with ASTM D638-10 using an Instron 5982 tensometer fitted with a 100 kN load 
cell. Axial and transverse strains were measured using an Instron AVE 2663-821 video 
extensometer at 10 samples per second. After collection of the data, the numerical axial and 
transverse strain data points (in % format) were exported to MS Excel for further processing.  
 
Example of Raw Data and Calculated Parameters 
Due to the strong consistency in behaviour between the tensile specimens of each PE/fly-ash 
composite material tested, it was decided to calculate an average axial and transverse % strain 
response up to the yield point for the latter materials. An average Poisson’s ratio was then 
calculated with the first 100 average transverse and axial % strain values using Equation 20.  
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Appendix 2 (Continued) 
Standard deviations were also calculated. The latter effectively resulted in a value of Poisson’s 
ratio close to or at the yield point, rather than within the elastic region (see Figure 15 in 
Experimental Section 4.6.2). Table 31 shows how the raw data translated into Poisson’s ratio 
values. 
 
Table 31. Tensile test data and consequent calculation of Poisson’s ratio. 
Time 
(s) 
Average Load 
(N) 
Average Video Axial 
Strain (%) 
Average Video Transverse 
Strain (%) 
Average Poissons 
Ratio  
0 3.95 0.0485 0.0012 0.0251 
0.1 4.55 0.0560 0.0007 0.0117 
0.2 12.47 0.1535 0.0090 0.0588 
0.3 17.75 0.2184 0.0228 0.1043 
0.4 22.63 0.2786 0.0347 0.1247 
0.5 27.22 0.3351 0.0434 0.1295 
0.6 31.92 0.3930 0.0539 0.1371 
0.7 36.71 0.4519 0.0599 0.1325 
0.8 41.39 0.5095 0.0714 0.1402 
0.9 45.78 0.5635 0.0806 0.1431 
1 49.94 0.6148 0.0890 0.1448 
 
Safety Step Compression Testing 
Full details of the compression test equipment, methods and sample dimensions are provided in 
Experimental Section 4.6.6 of this thesis for all safety steps. Both left and right sidewall 
deflections during the tests were measured and averaged at 20 N intervals using two Mitutoyo 
dial test indicators, standard deviation was also calculated; an example of this is in Table 32. 
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Table 32. An example of the sidewall deflection measurements from safety steps during a 
compression test. 
Step Sidewall Deflection 
Force (N) Left (mm) Right (mm) Average (mm) Standard Deviation (mm) 
0 0.00 0.00 0.00 0.00 
20 0.06 0.08 0.07 0.01 
40 0.14 0.15 0.15 0.01 
60 0.20 0.24 0.22 0.03 
80 0.29 0.30 0.30 0.01 
100 0.36 0.38 0.37 0.01 
120 0.43 0.45 0.44 0.01 
140 0.49 0.52 0.51 0.02 
160 0.57 0.58 0.58 0.01 
180 0.64 0.65 0.65 0.01 
200 0.71 0.72 0.72 0.01 
 
 
Charpy impact testing of PE/fly-ash composites (See Experimental Section 4.6.5 for full details of 
the test and sample dimensions) 
8 Samples were tested using a Zwick model 5102 non-instrumented swinging pendulum type 
impact tester. The span between the sample supports was 40 mm and the samples were 
nominally 10 x 4 mm in cross section. The most appropriate tup (0.5 J, 1 J, 2 J or 4 J) was selected 
using a spare test piece. The average free swing energy (Efree) of the selected tup was calculated 
from 8 free swings. 
 
Example of Raw Data and calculated parameters 
The impact strength was calculated using Equation 21. An example of how the quoted parameters 
translated to an impact strength value (in kJ m-2) using equation 21 is available in Table 33.  
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Table 33. An example of Charpy impact specimen dimensions and calculated impact energy 
values. 
Specimen  
Sample 
Width 
(mm) 
Sample 
Thickness 
(mm) 
Cross-
Sectional 
Area (m2) 
Free Swing 
Energy (J) 
Tup (J) 
1 10.10 3.75 0.000038 0.08 4 
2 10.30 3.63 0.000037 0.08 4 
3 10.21 3.69 0.000038 0.08 4 
4 10.27 3.65 0.000037 0.08 4 
5 10.50 3.70 0.000039 0.08 4 
6 10.06 3.93 0.000040 0.08 4 
7 10.17 3.80 0.000039 0.08 4 
8 10.75 3.74 0.000040 0.08 4 
Specimen  
Impact 
Energy (J) 
Energy 
Absorbed  
(kJ m-2) 
Failure Mode 
Average Energy 
Absorbed  
(kJ m-2) 
Standard Deviation 
Energy Absorbed 
 (kJ m-2) 
1 2.07 52.59 
Brittle 
Fracture 
52.36 1.53 
2 2.06 53.06 
Brittle 
Fracture 
3 2.05 52.24 
Brittle 
Fracture 
4 2.02 51.65 
Brittle 
Fracture 
5 2.12 52.51 
Brittle 
Fracture 
6 2.16 52.61 
Brittle 
Fracture 
7 2.20 54.86 
Brittle 
Fracture 
8 2.06 49.35 
Brittle 
Fracture 
 
 
Compression testing of safety step materials (See Experimental Section 4.6.8 for full details of 
the test and sample dimensions) 
Specimens were compression tested using a Hounsfield HK10S tensometer fitted with a 10 kN 
load cell. Both circular compression platens were 75 mm Ø and 25 mm thick. A crosshead speed 
of 1 mm min-1 was used. The test piece dimensions were 7 mm thick, 13 mm wide and 25 mm 
high. To ensure the samples remained upright during testing, two samples of the same height 
were stuck together using double-sided tape which joined the samples with little constraint. 
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Example of Raw Data and calculated parameters 
The resulting compressive load-deflection data was exported to MS Excel software by 
Hounsfield’s QMAT tensometer software for conversion to stress-strain using Equations 22 and 
23. The movement of internal components (such as the crosshead bearings) within the 
tensometer can constitute significant error during testing; in order to identify and remove this 
error for the small-scale compression tests (referred to as the machine compliance error) the 
procedure described in Experimental Section 4.6.8.1 was used. A typical example of the load-
deflection data which has been modified to include the machine compliance error and 
subsequently converted to stress-strain is provided in Table 34.  
 
Table 34. A typical example of load-deflection data from compression tests. The latter have been 
modified to include the machine compliance error  for conversion to stress-strain. 
Specimen 1 
13.36 mm Thickness - 18.32 mm Width - 24.55 mm Height 
Original Force-Deflection Curve 
Machine Compliance Modified 
Force-Deflection Curve 
Final Stress-Strain 
Curve 
Compression 
(mm) 
Force (N) 
Compression 
(mm) 
Force (N) Stress (MPa) Strain 
0.013 8 0.009 8 0.033 0.0003 
0.025 16 0.017 16 0.065 0.0007 
0.038 24 0.026 24 0.098 0.0010 
0.050 32 0.034 32 0.131 0.0014 
0.063 40 0.043 40 0.163 0.0017 
0.075 64 0.043 64 0.261 0.0018 
0.088 72 0.052 72 0.294 0.0021 
0.100 80 0.060 80 0.327 0.0024 
0.113 96 0.065 96 0.392 0.0026 
0.125 128 0.061 128 0.523 0.0025 
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Table 35. Tensile modulus and stress at yield of LMDPE with the addition of MA-g-LLDPE (dry 
blended). 
MA-g-LLDPE 
(% wt.) 
LMDPE 
 (% wt.) 
Tensile 
Modulus (MPa) 
Standard 
Deviation 
Tensile Stress at 
Yield (MPa) 
Standard 
Deviation 
0 100 644.62 24.55 15.37 0.12 
7.5 92.5 628.29 23.20 15.19 0.3 
15 85 582.81 26 14.53 0.18 
25 75 570.9 21.03 14.3 0.09 
50 50 485.42 6.56 12.52 0.11 
75 25 385.81 12.36 11.74 0.05 
100 0 365.59 25.94 10.29 0.25 
 
Table 36. Tensile modulus and stress at yield of HDPE with the addition of MA-g-LLDPE (dry 
blended). 
MA-g-LLDPE 
(% wt.) 
HDPE  
(% wt.) 
Tensile 
Modulus (MPa) 
Standard 
Deviation 
Tensile Stress at 
Yield (MPa) 
Standard 
Deviation 
0 100 1388.89 40.37 24.49 0.13 
7.5 92.5 1202.78 27.27 23.35 0.3 
15 85 1158.88 120.67 21.78 0.18 
25 75 984.22 15.37 20.7 0.23 
50 50 727.77 8.49 16.27 0.06 
75 2 479.66 7.84 12.43 0.11 
100 0 314.01 6.50 9.41 0.05 
 
Table 37. Tensile modulus and stress at yield of HDPE with the addition of MA-g-LLDPE (TSE melt 
blended). 
MA-g-LLDPE  
(% wt.) 
HDPE  
(% wt.) 
Tensile 
Modulus 
(MPa) 
Standard 
Deviation 
Tensile Stress at 
Yield (MPa) 
Standard 
Deviation 
0 100 1386.81 62.90 25.11 0.86 
7.5 92.5 1183.89 32.84 23.19 0.37 
15 85 1102.3 50 22.50 0.57 
25 75 943.1 39.14 20.35 0.48 
50 50 659.64 17.36 15.99 0.27 
75 25 490.73 23.77 12.96 0.46 
100 0 305.51 137.46 9.41 0.20 
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Table 38. Tensile modulus and stress at yield of fly-ash-cenosphere PE composites (50 % vol.) 
MA-g-
LLDPE/LMDPE 
(% vol.) 
Fly-ash 
 
(of 50 
% vol.) 
Cenospheres 
 
(of 50 % vol.) 
Tensile 
Modulus 
(MPa) 
Standard 
Deviation 
Tensile Stress 
at  Yield (MPa) 
Standard 
Deviation 
100 0 0 567.4 12.8 14.85 0.32 
50 0 100 1902.43 23.51 10.23 0.04 
50 12.50 87.50 2020.47 174.37 11.64 0.27 
50 25 75 1924.69 196.25 12.85 0.25 
50 37.50 62.50 1923.51 88.11 13.26 0.16 
50 50 50 1922.51 85.51 14.17 0.13 
50 62.50 37.50 2110.86 41.5 13.27 0.04 
50 75 25 2175.38 174.06 13.84 0.44 
50 87.50 12.50 2274.83 212.28 15.65 0.57 
50 100% 0 2234.49 89.94 19.15 0.29 
 
Table 39. Charpy impact test results for TSE melt blended maleanised PE/ fly-ash composites. 
Maleanised PE 
(% wt.) 
Fly-ash 
(% wt.) 
Average Energy Absorbed (kJ m-2) Standard Deviation 
100 0 57.8 1.46 
75 25 64.76 1.82 
50 50 74.3 8.24 
40 60 40.39 3.86 
30 70 24.66 1.42 
25 75 15.18 1.02 
 
Table 40. Charpy impact test results for TSE melt blended analogue PE/fly-ash composites 
Analogue PE 
(% wt.) 
Fly-ash 
(% wt.) 
Average Energy Absorbed (kJ m-2) Standard Deviation 
100 0 55.54 1.33 
75 25 59.79 0.52 
50 50 59.78 0.91 
40 60 56.66 3.2 
30 70 5.57 0.46 
25 75 3.48 0.20 
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Differential scanning calorimetry (See Experimental Section 4.9 for full details of the analysis 
procedure) 
DSC was carried out on the particulate-filled PE and unfilled PE materials. Sample mass was 
typically between 4 and 10 mg.  The crystalline content of unfilled PE materials was determined 
using Equation 26. For PE/filler composites, crystallinity content was also calculated using 
Equation 25. However, Equation 26 was used to calculate 𝛥Hf for input into Equation 25. The 
following heat – hold – cool – heat cycle was used: 
 
 Heat from 20 °C to 240 °C at 20 °C min-1  
 Hold at 240 °C for 5 minutes 
 Cool from 240 °C to 20 oC at 20 °C min-1 
 Hold at 20 °C for 2 minutes 
 Heat from 20 °C to 240 °C at 20 °C min-1  
 
Samples were heated in a nitrogen atmosphere (flow rate 30 cm3 min-1). The following 
parameters were recorded during DSC: 
 
1st Heat  
 Onset of melting temperature  
 Peak melting temperature 
 Melting temperature range 
 Heat of fusion 𝛥Hf (for calculation of crystalline content. The samples were held at 240 oC 
for five minutes to ensure complete melting and total eradication of previous thermal 
history) 
Cool from melt  
 Onset of crystallisation temperature 
 Crystallisation exotherm peak temperature 
 Crystallisation temperature range 
 Heat of crystallisation (for calculation of crystalline content obtained during controlled 
crystallisation) 
2nd Heat  
 The same parameters as recorded during the 1st heat were recorded 
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Figure 113. DSC Example Trace – First Heat (for determination of the specimens melting characteristics in its as-moulded component) 
211 
 
 
Figure 114. DSC Example Trace – Cool (to provide controlled crystallisation) 
212 
 
 
Figure 115. DSC Example Trace – Second Heat (to examine the melting of crystal structures formed because of controlled crystallisation) 
213 
 
Appendix 4 (Continued) 
 
 
Figure 116. Schematic DSC trace showing key parameters obtained - heating data 
 
 The heat of fusion (∆Hf) is the area under the curve with integration limits and baseline 
defined by T1 and T2. 
 Tmp is the peak melting temperature 
 Tonset is the onset of melting temperature 
 Melting temperature range = T2 – T1 
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Appendix 4 (Continued) 
 
 
Figure 117. Schematic DSC trace showing key parameters obtained - cooling data 
 
 The heat of crystallisation (∆HC) is the area under the curve with integration limits and 
baseline defined by T1 and T2. 
 Tcp is the peak crystallisation temperature 
 Tonset is the onset of crystallisation temperature 
 Crystallisation temperature range = T2 – T1 
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Appendix 4 (Continued) 
DSC Data – 1st Heat 
 
Table 41. Combinations of MA-g-LLDPE with LMDPE (dry blended). 
Specimen  MA-g-LLDPE 
(% wt.) 
LMDPE  
(% wt.) 
1 0 100 
2 7.5 92.5 
3 15 85 
4 25 75 
5 50 50 
6 75 25 
7 100 0 
 
Table 42. DSC data for the materials specified in Table 41 – first heat 
Specimen 
Heat of 
Fusion  
(J g-1) 
% 
Crystallinity 
Onset 
Temperature (oC) 
Peak Melting 
Temperature (oC)  
Melting 
Temperature 
Range (oC) 
1 133.93 48.35 120.89 128.00 79.92 
2 142.14 51.31 120.99 135.67 86.58 
3 149.84 54.09 124.15 132.67 67.93 
4 134.38 48.51 119.32 131.00 72.93 
5 125.71 45.38 119.04 127.34 79.25 
6 99.01 35.74 116.51 126.74 51.28 
7 90.98 32.84 112.48 125.00 65.60 
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Appendix 4 (Continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 118.  DSC thermogramme for materials and data specified in Table 41 and 42 – first heat 
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Appendix 4 (Continued) 
 
Table 43. Combinations of MA-g-LLDPE with HDPE (dry blended). 
Specimen  MA-g-LLDPE 
(% wt.) 
HDPE 
(% wt.) 
1 0 100 
2 7.5 92.5 
3 15 85 
4 25 75 
5 50 50 
6 75 25 
7 100 0 
 
Table 44. DSC data for the materials specified in Table 43 – first heat 
Specimen 
Heat of 
Fusion  
(J g-1) 
% 
Crystallinity 
Onset 
Temperature (oC) 
Peak Melting 
Temperature (oC)  
Melting 
Temperature 
Range (oC) 
1 185.52 66.98 125.86 135.67 55.94 
2 170.31 61.48 126.57 132.67 51.28 
3 166.08 59.96 125.36 133.00 59.94 
4 153.39 55.37 125.26 133.33 65.27 
5 155.61 56.18 121.87 129.33 77.26 
6 135.94 49.07 119.87 128.00 81.25 
7 115.72 41.77 117.39 128.00 84.58 
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Appendix 4 (Continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 119.  DSC thermogramme for materials and data specified in Table 43 and 44 – first heat 
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Appendix 4 (Continued) 
 
Table 45. Combinations of MA-g-LLDPE with HDPE (TSE compounded). 
Specimen  MA-g-LLDPE 
(% wt.) 
HDPE 
(% wt.) 
1 0 100 
2 7.5 92.5 
3 15 85 
4 25 75 
5 50 50 
6 75 25 
7 100 0 
 
Table 46. DSC data for the materials specified in Table 45 – first heat 
Specimen 
Heat of 
Fusion  
(J g-1) 
% 
Crystallinity 
Onset 
Temperature (oC) 
Peak Melting 
Temperature (oC)  
Melting 
Temperature 
Range (oC) 
1 182.93 66.04 130.24 149.00 59.27 
2 185.60 67.00 126.83 137.67 89.24 
3 177.98 64.25 125.48 134.00 77.92 
4 164.75 59.48 126.08 135.67 51.28 
5 116.42 42.03 123.22 132.34 56.28 
6 113.53 40.99 120.63 132.00 65.93 
7 83.75 30.23 113.50 124.34 67.27 
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Appendix 4 (Continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 120.  DSC thermogramme for materials and data specified in Table 45 and 46 – first heat 
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Appendix 4 (Continued) 
 
Table 47. PE/fly-ash formulations. 
Specimen 
MA-g-LLDPE/LMDPE 
(% wt.) 
Fly-ash 
(% vol.) 
Fly-ash 
(% wt.) 
1 50 28.8 50 
2 75 14.4 25 
3 87.5 7.2 12.5 
4 100 0 0 
 
Table 48. DSC data for the materials specified in Table 47 – first heat 
Specimen 
Heat of 
Fusion  
(J g-1) 
% 
Crystallinity 
Onset 
Temperature (oC) 
Peak Melting 
Temperature (oC)  
Melting 
Temperature 
Range (oC) 
1 122.28 44.14 116.90 127.00 55.28 
2 135.58 48.95 117.70 127.67 69.60 
3 130.39 47.07 118.34 129.67 59.94 
4 129.89 46.89 118.37 124.33 43.29 
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Appendix 4 (Continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 121.  DSC thermogramme for materials and data specified in Table 47 and 48 – first heat. 
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Appendix 4 (Continued) 
DSC Data – Cool from Melt 
 
Table 49. DSC data for the materials specified in Table 41 – cool from melt 
Specimen 
Heat of 
Crystallisation 
(J g-1) 
% 
Crystallinity 
Onset 
Crystallisation 
Temperature 
(oC) 
Crystallisation 
Exotherm Peak 
Temperature (oC) 
Crystallisation 
Temperature 
Range (oC) 
1 127.59 
46.06 109.78 105.93 47.29 
2 
130.45 47.09 110.45 104.93 52.61 
3 
136.57 49.30 110.84 107.60 51.28 
4 
120.64 43.55 110.69 107.60 54.61 
5 
113.68 41.04 109.64 106.27 57.94 
6 
98.51 35.56 107.82 104.60 56.28 
7 
77.59 28.01 106.08 102.93 49.62 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
224 
 
Appendix 4 (Continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 122.  DSC thermogramme for materials and data specified in Table 41 and 49 – cool from 
melt 
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Appendix 4 (Continued) 
 
Table 50. DSC data for the materials specified in Table 43 – cool from melt 
Specimen 
Heat of 
Crystallisation 
(J g-1) 
% 
Crystallinity 
Onset 
Crystallisation 
Temperature 
(oC) 
Crystallisation 
Exotherm Peak 
Temperature (oC) 
Crystallisation 
Temperature 
Range (oC) 
1 197.76 
71.39 114.34 109.60 31.30 
2 
170.51 61.56 114.63 111.27 32.63 
3 
172.09 62.13 114.45 110.60 34.97 
4 
149.10 53.83 113.91 109.60 34.63 
5 
132.47 47.82 112.71 109.27 41.96 
6 
108.87 39.30 110.71 107.60 47.62 
7 
86.53 31.24 105.86 102.27 48.95 
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Appendix 4 (Continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 123.  DSC thermogramme for materials and data specified in Table 43 and 50 – cool from 
melt 
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Appendix 4 (Continued) 
 
Table 51. DSC data for the materials specified in Table 45 – cool from melt 
Specimen 
Heat of 
Crystallisation 
(J g-1) 
% 
Crystallinity 
Onset 
Crystallisation 
Temperature 
(oC) 
Crystallisation 
Exotherm Peak 
Temperature (oC) 
Crystallisation 
Temperature 
Range (oC) 
1 187.41 
67.66 114.16 106.93 37.30 
2 
182.06 65.72 114.03 107.60 37.30 
3 
287.02 103.62 114.06 108.60 29.97 
4 
161.28 58.22 113.51 107.93 38.63 
5 
138.65 50.05 111.80 107.60 46.62 
6 
110.83 40.01 109.65 105.93 52.61 
7 
70.47 25.44 104.92 101.60 47.29 
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Appendix 4 (Continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 124.  DSC thermogramme for materials and data specified in Table 45 and 51 – cool from 
melt 
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Appendix 4 (Continued) 
 
Table 52. DSC data for the materials specified in Table 47 – cool from melt 
Specimen 
Heat of 
Crystallisation 
(J g-1) 
% 
Crystallinity 
Onset 
Crystallisation 
Temperature (oC) 
Crystallisation 
Exotherm Peak 
Temperature (oC) 
Crystallisation 
Temperature 
Range (oC) 
1 124.98 
45.12 109.06 106.27 39.29 
2 
116.81 42.17 108.90 104.60 34.63 
3 
181.94 65.68 109.68 104.27 61.94 
4 
216.06 78.00 111.61 108.60 65.93 
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Figure 125.  DSC thermogramme for materials and data specified in Table 47 and 52 – cool from 
melt 
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Appendix 4 (Continued) 
DSC Data – 2nd Heat 
 
Table 53. DSC data for the materials specified in Table 41 – second heat 
Specimen 
Heat of 
Fusion 
(J g-1) 
 
% 
Crystallinity 
Onset 
Temperature 
(oC) 
Peak Melting 
Temperature (oC) 
Melting 
Temperature 
Range (oC) 
1 141.26 
 51.00 121.48 128.07 56.61 
2 
141.36  51.03 118.76 131.73 74.26 
3 
155.85  56.26 118.84 127.73 76.92 
4 
128.57  46.42 119.64 129.07 68.27 
5 
128.73  46.47 119.98 126.73 68.93 
6 
103.49  37.36 120.83 126.40 61.61 
7 
82.17  29.66 117.25 125.07 64.27 
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Figure 126.  DSC thermogramme for materials and data specified in Table 41 and 53 – second heat 
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Appendix 4 (Continued) 
 
Table 54. DSC data for the materials specified in Table 43 – second heat 
Specimen 
Heat of 
Fusion  
(J g-1) 
% 
Crystallinity 
Onset 
Temperature (oC) 
Peak Melting 
Temperature (oC)  
Melting 
Temperature 
Range (oC) 
1 202.65 
73.16 126.66 136.73 59.94 
2 
187.88 67.83 125.95 133.07 52.28 
3 
190.91 68.92 125.60 134.40 71.60 
4 
170.53 61.56 123.82 134.40 78.59 
5 
159.79 57.69 123.48 130.07 77.26 
6 
131.33 47.41 121.69 127.73 74.59 
7 
114.25 41.25 114.95 126.40 81.92 
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Figure 127.  DSC thermogramme for materials and data specified in Table 43 and 54 – second heat 
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Appendix 4 (Continued) 
 
Table 55. DSC data for the materials specified in Table 45 – second heat 
Specimen 
Heat of 
Fusion  
(J g-1) 
% 
Crystallinity 
Onset 
Temperature (oC) 
Peak Melting 
Temperature (oC)  
Melting 
Temperature 
Range (oC) 
1 193.70 
69.93 124.82 137.40 63.94 
2 
203.09 73.32 126.33 137.73 83.25 
3 
200.97 72.55 124.93 135.40 65.93 
4 
170.12 61.42 124.46 137.07 75.92 
5 
130.90 47.26 123.54 132.40 71.93 
6 
97.31 35.13 124.10 130.40 81.92 
7 
78.04 28.17 116.51 124.40 60.61 
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Figure 128.  DSC thermogramme for materials and data specified in Table 45 and 55 – second heat 
 
 
 
 
 
 
 
 
 
 
 
 
 
(5) 
(4) 
(2) 
(3) 
(1) 
(6) 
(7) 
60 160 80 140 120 
5 
0 
4 
3 
2 
40 
Temperature (
o
C) 
M
as
s 
N
o
rm
al
is
ed
 H
e
at
 F
lo
w
 (
W
 g
-1
) 
100 
1 
237 
 
Appendix 4 (Continued) 
 
Table 56. DSC data for the materials specified in Table 47 – second heat 
Specimen 
Heat of 
Fusion  
(J g-1) 
% 
Crystallinity 
Onset 
Temperature (oC) 
Peak Melting 
Temperature (oC)  
Melting 
Temperature 
Range (oC) 
1 125.48 
45.30 118.29 125.07 51.28 
2 
134.62 48.60 118.67 127.40 66.60 
3 
137.01 49.46 118.72 129.07 61.27 
4 
131.03 47.30 118.72 124.73 53.95 
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Figure 129.  DSC thermogramme for materials and data specified in Table 47 and 56 – second heat 
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Appendix 5 
Data sheets of the polymers used in this PhD study. 
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Appendix 6  
Data sheets of the filler particles used in this PhD study. 
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